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The anthropogenic impacts due to land use changes (urbanization, agriculture 
intensification, population growth) and poor management strategies have led to the 
deterioration of land and freshwater ecosystems. Considering the catchment scale, 
buffer zones (such as wetlands and riparian forests) play a key role in filtering the 
inputs of components that are carried out into rivers by runoff as well as controlling 
floods. In addition, these ecosystems are characterized by hosting a great variety of 
species (hotspots of biodiversity). Buffer zones have become a very important tool in 
the restoration of watersheds among stakeholders. However, many factors must be 
considered to maximize their effectiveness in a long-term perspective. The objective 
of this project was to generate a tool to assess the most suitable areas for buffer 
zones creation or restoration in the Santa Lucía River Basin (SLRB), Uruguay. 
Different mitigation efforts have been discussed for the study area, where the water 
quality of the rivers and reservoirs has declined deeply over the last years, related to 
land use change (agriculture) and a lack of an integrated mitigation strategy. Spatial 
data regarding topography, hydrology, soils composition, among other variables, 
were evaluated using a multi-criteria assessment through Geographical Information 
Systems to generate a useful tool to decision-makers and managers. The results 
obtained show highly suitable areas that prioritize locations that are not considered 
in the SLRB action plan what represents new insights that could improve the policies 
and environmental planning to increase the overall system’s health. In this sense, 
the model´s outcomes point out the importance of the small water bodies and their 
riparian belts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
1.1 Freshwater ecosystems 
Freshwater ecosystems are responsible for the sustenance of a great biodiversity 
despite their relatively low surface area. It is estimated that they contain 10% of the 
known species, as well as at least 50% of the fish species worldwide (Power 2010; 
Carrizo, Smith & Darwall 2013). These ecosystems are essential for the subsistence 
of our society (WWDR, 2009) because they provide important resources (e.g. water 
and food) that rely on ecosystem services that allow their development (e.g. 
ecosystem services of regulation) (Power 2010). At the same time, these 
ecosystems are very sensitive to anthropic impacts such as changes in the 
catchment areas land use, physical alterations in watercourses, pollution and climate 
change (Malmqvist & Rundle 2002; Foley et al. 2005; Dudgeon et al. 2006; 
Carpenter, Stanley & Vander Zanden 2011). Continental aquatic ecosystems have 
been historically used as water reserve, for power generation, irrigation, transport, 
flood control and dilution of pollutants (Vitousek et al. 1997; Carpenter, Stanley & 
Vander Zanden 2011; Dudgeon et al. 2006; Foley et al. 2005). 
Freshwater ecosystems, such as lakes and rivers, are deeply transformed by 
anthropogenic activities (Carpenter, Stanley & Vander Zanden 2011). One of the 
main causes of water quality deterioration is eutrophication. This process takes place 
in aquatic systems when the inputs of nutrients (especially nitrogen and phosphorus) 
and organic matter increase over the natural ones, leading on a series of chemical, 
physical and biological changes that diminish the environmental quality of the system 
in general and the water quality in particular (Moss 2009, 2008). 
1.2 Impacts on Water quality 
The water quality of any aquatic ecosystem is defined by a variety of factors 
involving the hydrology of the water courses, bio-physical characteristics of the 
catchment and the climatic features of the region. Anthropogenic activities have 
modified the landscapes and the land covers conforming an important driving force 
affecting the catchment characteristics and therefore, the water quality (Sterling, 
Ducharne & Polcher 2012). Moreover, when considering another phenomenon such 
as climate change and the projected scenarios, the predictions towards land use and 
water resources become more complex. Agriculture is known as one of the most 
  
important non-point sources of water pollution, through nutrients runoff such as 
nitrogen and phosphorus (Carpenter et al. 1998; Withers et al. 2014). 
The agricultural sector will be deeply impacted by climate change (Fischer et al. 
2005). As a result, it will be mandatory for the sector to adapt to changing and 
uncertain conditions, and also to increase food and bioenergy demands due to 
population growth. Agricultural systems will tend to shift to more intensive and 
profitable activities at the same time that extreme events such as droughts, floods, 
bushfires, etc., will become more frequent and intense (IPCC, 2014). Unless these 
shifts are developed under a well-planned strategy considering all the components 
embedded in the system (soils, crops, climatic variability, water resources, 
ecosystems’ dynamics), it is possible that the application of fertilizers and pesticides 
will increase significantly (Tilman et al. 2001). All these processes will have strong 
negative effects on water quality (Bussi et al. 2016; Fezzi et al. 2015) leading to 
rising water pollution and eutrophication of the water courses. 
The possible impacts on water resources under warmer conditions and changing 
rainfall patterns are several.  River flows and chemical reaction kinetics will be 
affected altering freshwater ecological status (Whitehead et al. 2009). Rising rainfall 
regimes will lead to increasing flows modifying sediment loads, nutrients loads and 
dynamics, the mobility and dilution of contaminants, among others (Lee et al. 2015). 
All these factors combined with the processes occurring at the catchment scale can 
generate a deterioration of water quality, contributing to processes of eutrophication 
and toxic algal blooms (Whitehead et al. 2009). These phenomena generate a 
myriad of negative impacts in different levels. The ecological equilibrium of the 
system is highly altered leading to serious consequences in the ecological, social 
and economic level (Costanza et al. 2014).  
According to Bouraoui et al. (2002), climate changes will rise nutrients runoffs to 
freshwater systems due to the acceleration of soil processes, e.g. mineralisation of 
organic matter. Additionally, the results provided by Whitehead et al. (2006) point out 
that nutrients contributed by agriculture or industrial/domestic sources could be less 
diluted due to reduced flows as higher temperatures increase evapotranspiration. 
The magnitude of these processes rises especially when droughts are followed by 
high flow conditions (Whitehead et al. 2009). For example, after the drought of 
  
Thames River in 1976, nitrate concentrations rose from 4 to 18 mg/L due to the 
nitrates flushing from the catchment soils (Whitehead & Williams 1982). These types 
of hydrological events are predicted to become more common under climate change 
projections. 
The increasing concentrations of nutrients such as nitrogen and phosphorus on 
surface water together with the increasing temperatures can contribute to the 
increased growth of cyanobacteria (Whitehead et al. 2009). However, the factors and 
conditions that lead to eutrophication processes are a complex web of interactions 
between nutrients loads, access to light, temperature, water velocity and residence 
time, among others (Jeppesen et al. 2005). Furthermore, the interplay between 
these characteristics vary vastly between lotic (rivers and streams) and lentic (lakes, 
ponds, lagoons) freshwater systems. 
As has been mentioned previously, nutrients concentrations in the water bodies are 
highly determined by the activities developed in the catchment. For this reason, the 
projections of future nutrients dynamics under climate variability must consider land 
use changes. In fact, it has been proposed that the effect of anthropogenic land use 
changes have caused even greater impacts on ecological processes than climate 
change (Dale 1997; Sterling, Ducharne & Polcher 2013). Bussi et al. (2016) have 
shown the importance to include the land use change responses to climate change 
in the future, when modelling water quality assessments.  
Although there are many studies that analyse the impacts of land use in the water 
quality, still there is not much clarity about these relationships adding climate change 
impacts. The studies that consider the future climatic variability are mainly developed 
in Europe and North America where more resources are directed to water 
management and climate change adaptation research (Allan & Castillo 2007).  
However, climate change impacts will vary among regions, what implies that the 
effects on water quality will depend deeply on the local conditions of the systems. 
There is quite certainty about the nutrients dynamics in regions that will become 
dryer and warmer (Johnson et al., 2009), but less is known about areas where mean 
precipitations will increase and where floods will become more frequent (Dudgeon et 
al. 2006). This is the case of De la Plata River Basin (located in Argentina and 
  
Uruguay), where a tendency to an increasing the occurrence of warm nights and 
abundant rainfall has already been detected (Marengo et al. 2010; Goyenola 2016).  
1.3 Eutrophication 
Freshwater ecosystems, such as lakes and rivers, are very sensitive to the 
anthropogenic activities that take place at the drainage area (Carpenter, Stanley & 
Vander Zanden 2011). One of the main causes of water quality deterioration is 
eutrophication. This process takes place when the inputs of nutrients (especially 
nitrogen and phosphorus) and organic matter to an aquatic system increase over the 
natural ones, leading on a series of chemical, physical and biological changes that 
diminish the environmental quality of the system in general and the water quality in 
particular (Moss 2009). As a consequence, eutrophication promotes the increase of 
the frequency and duration of cyanobacterial harmful blooms (Reynolds 2006; Paerl 
& Paul 2012). Cyanobacteria have ecophysiological characteristics that allow them 
to grow under limiting environmental conditions such as broad light gradient (Bonilla 
et al. 2012) and variable nutrient concentrations (Reynolds 2006; Amaral, Bonilla & 
Aubriot 2014). These organisms can produce toxins, causing negative effects on the 
rest of the biota, including humans, by the consumption of polluted water (Chorus & 
Bartram 1999; dos Santos & Frederico Rodrigues Loureiro Bracarense 2008) or 
during recreational use of water bodies (Dietrich & Hoeger 2005; Codd, Morrison & 
Metcalf 2005). 
Eutrophication has been thoroughly studied in lentic systems, with a lengthy 
scientific literature background related to the factors and conditions that promote 
high trophic state and algal blooms events. However, there are still many questions 
about which factors module eutrophication in lotic systems, i.e. rivers and streams 
(Hilton et al., 2006). In the latter, characteristics such as water velocity, water 
retention time (WRT) and other hydrological factors add an extra level of complexity 
when modelling and predicting eutrophication dynamics. In rivers, one of the factors 
regulating the growth of phytoplankton, and cyanobacteria in particular, is WRT 
(Allan & Castillo 2007). Low WRT and turbulent regimes founded in lotic systems 
restrict the proliferation capacity of cyanobacteria since they are washed 
downstream (Romo et al. 2013). However, small water bodies adjacent to rivers and 
streams (lakes, farm dams, ponds and reservoirs associated to floodplains) present 
shorter WRT, higher temperatures, higher nutrients´ concentration and less turbidity 
  
(Mosley 2015). All these factors generate a favourable situation for the proliferation 
of cyanobacteria during drought events (De Domitrovic 2003). Later, these 
organisms can enter into the river network due to precipitation events [20]. All things 
considered, it is very complex to detect and prevent cyanobacterial harmful blooms 
in fluvial ecosystems. 
Anthropogenic land use changes, especially related to the expansion of agricultural 
lands, have largely contributed to eutrophication processes in water resources (Moss 
2009). The effects of agriculture refer to the existing farming techniques and also to 
the product of past nutrients fertilization and production practices that have focused 
on enhance yields outcomes, but lacking of a sustainable and long-term perspective 
(Withers et al. 2014).  
As well as the food demands will increase by the accelerated growing of global 
population, the freshwater resources will also become a limited resource what brings 
the urgency to link scientific research to management plans (Jackson et al. 2001). To 
address this goal, improvements must be achieved in monitoring, assessment and 
modelling of water resources under key drivers of change, such as land use and 
climate variability (Jackson et al. 2001). 
1.4 Land Use 
Agricultural intensification is a global phenomenon (Matson et al. 1997; Foley et al. 
2005). The human population increase and the increase in consumption worldwide 
have been accompanied by a greater productivity pressure on the food industry. The 
area of land allocated for agricultural production has increased and its use has 
intensified (Matson et al. 1997). Increasing the area devoted to agriculture has 
involved the modification of natural ecosystems through the filling of wetlands, the 
clearing of forests and the replacement of grassland ecosystems with 
agroecosystems. On the other hand, the intensification of activity has meant 
increasing the production of existing crops through mechanization, irrigation and 
greater use of fertilizers and other agrochemicals (Tilman et al. 2002; Foley et al. 
2011). Agriculture is currently the most represented land biome worldwide, covering 
40% of the terrestrial soil (Alexandratos, Bruinsma & others 2012; Foley et al. 2005, 
2011). It is worth mentioning that this estimate includes both the appropriate lands 
and those incompatible with the development of this activity (deserts, ice, mountains, 
  
tundra, cities, ecological reserves, etc.). If these areas were excluded, only 50% of 
the areas suitable for agriculture would currently be used for this purpose (Tilman et 
al. 2002; Dale & Polasky 2007; Foley et al. 2011).  
Agroecosystems, while offering ecosystem services for provision (e.g. food, fodder, 
bioenergy, pharmaceutical products) also depend on other ecosystem services 
provided by natural ecosystems, such as support (formation, structure and soil 
fertility, recycling of nutrients), regulation (genetic diversity, occurrence of pollinators 
and natural enemies that control the invasion of pests to crops, purification and 
regulation of water flow, climate) and provision (water; Power 2010). Likewise, it is 
worth noting that although the ecosystem service assigned to agroecosystems is the 
provisioning service, the type of management of this system determines whether 
other support services for the provision can persist (Matson et al. 1997; Power 
2010). The type of management of the agroecosystem may or may not support the 
provision of the service in the long term, reducing impacts due to loss of habitats that 
conserve biodiversity, loss of nutrients due to runoff, emissions of greenhouse 
gases, soil erosion, exposure from biota to pesticides, among others (Dale & Polasky 
2007; Zhang et al. 2007; Power 2010; Foley et al. 2011). 
 
The strongest effects of intensive agriculture on natural ecosystems and in particular 
continental aquatic ecosystems, are linked to hydrological alterations (from the use 
of water for irrigation, channelling, dams, etc.) and biogeochemical cycles (carbon, 
phosphorus and nitrogen; Vitousek et al. 1997; Bonan 2008). 
Agriculture generates significant impacts on water resources since almost 70% of 
the fresh water used by humanity is destined for irrigation, and this use is also 
identified as the factor with the greatest impact on the shortage of fresh water 
worldwide  (Vitousek et al. 1997; Foley et al. 2011; Alexandratos, Bruinsma & others 
2012; Black 2016). 
Agricultural activity is also a climatic forcing, since it generates a significant 
proportion of anthropogenic emissions of greenhouse gases: carbon dioxide (15%), 
methane (28%) and nitrogen oxide (26%) (Vitousek et al. 1997; Dale & Polasky 
2007; Foley et al. 2011). The conversion of forests to pastures has contributed both 
  
to the emission of carbon dioxide into the atmosphere and to the warming by 
decreasing evapotranspiration (Bonan 2008). 
The biogeochemical cycles of nitrogen and phosphorus have been severely 
impacted by the increase in agricultural production due to the industrial production of 
fertilizers (fixation of atmospheric nitrogen and phosphorus exploitation), the 
application of manure and the plantations of nitrogen-fixing legumes (Vitousek et al. 
1997; Foley et al. 2011). The high concentrations of nutrients that enter due to 
agricultural intensification contaminate groundwater, increase the levels of nitrates in 
drinking water, increase the amount of sediments and dissolved salts, cause 
eutrophication with consequent increase in the frequency and severity of algae 
blooms and potentially toxic cyanobacteria and indirectly cause massive fish hypoxia 
and death events (Howarth et al. 1996; Vitousek et al. 1997; Bouwman, Beusen & 
Billen 2009; Power 2010). 
1.5 Climate change 
The changing patterns in temperature and rainfall will affect river flows and chemical 
reaction kinetics altering freshwater ecological status (Whitehead et al. 2009). Rising 
rainfall regimes will lead to increasing flows modifying sediment loads, nutrients 
loads and dynamics, the mobility and dilution of contaminants, among others (Lee et 
al. 2015). All these macro-scale factors combined with the processes occurring at 
the catchment scale (meso-scale) can generate a deterioration of water quality, 
contributing to processes of eutrophication and toxic algal blooms (Whitehead et al. 
2009). These phenomena generate a myriad of negative impacts in different levels. 
The ecological equilibrium of the system is highly altered leading to serious 
consequences in the environmental, social and economic level (Costanza et al. 
2014).  
Climate change is one of the major environmental challenges that humankind is 
facing. Projections of different climate change scenarios imply a wide variety of 
potential impacts involving social, ecological, political and economic consequences 
in a worldwide scale.  
The term Climate Change refers to the “systemic changes in the long-term statistics” 
of climatic variables (American Meteorological Society), caused by anthropogenic 
activities. The main cause behind climate change is the increasing concentrations of 
  
greenhouse gases (GHG) in the atmosphere produced mainly by fossil fuel burning 
(NASA, 2017). Moreover, processes such as land use change, deforestation and 
agriculture expansion have also contributed to rise GHG volumes. As a result, the 
Earth’s surface temperature has been increasing generating different effects above 
the ecosystems and their fluxes of energy and matter.   
Since the industrial revolution the levels of GHG have been increasing continuously 
to the present. According to the last IPCC (2014) report, each of the last three 
decades has been warmer than any other decade since 1850. As a consequence, 
the increasing global temperature has altered the patterns in other climatic variables, 
e.g. precipitations, causing several and diverse impacts that are affecting the 
biodiversity in general and human livelihood.  
The projections provided by the IPCC 2014 predict that global temperature will 
continue growing. By the year 2100 temperatures will increase between 0.3° to 4.8°C 
in relation to the 1986-2005 period (Fig.1). 
In the case of precipitations, changes will not be uniform and rainfall regimes will 
vary among different latitudes and regions of the world (Fig. 1). Considering the 
RCP8.5 scenario of the IPCC 2014 (most pessimistic scenario, assuming that GHG 
emissions will continue growing as the current rates), the precipitations patterns will 
distribute as follows. On one hand, rainfall will increase in the high latitudes, in the 
equatorial Pacific and in mid-latitude wet regions. On the other hand, precipitations 
will decline in other mid-latitude and subtropical land regions. Also, extremes rainfall 
events in many mid-latitude regions will increase in magnitude and frequency. These 
changing patterns in precipitations regimes added to other processes such as 
melting snow or rising sea levels will affect water resources in terms of quantity and 
quality. 
As a consequence, climate change is expected to cause more hydrological extremes 
leading to increasing frequency of extreme events such as droughts and floods.  
 
  
 
Figure 1. Change in average surface temperature (a) and change in average precipitation (b) based on multi-
model mean projections for 2081–2100 relative to 1986–2005 under the RCP2.6 (left) and RCP8.5 (right) 
scenarios. The values indicated in the right upper part of each map represents the number of models used to 
calculate the multi-model. Source: IPCC 2014. 
 
1.6 Sustainability: resilience perspective 
According to Scheffer et al. (2001) ecosystems can respond drastically to different 
changes, triggering the shift to a contrasting alternative state, e.g. a lake with clear 
water into a turbid water state. These drastic changes are related with a loss of the 
system’s resilience due to anthropogenic impacts, such as land use changes, buffer 
zones removal, increasing nutrient runoffs to water courses, among others (Sharpley 
et al. 2015; Stoate et al. 2009; Rodríguez-Gallego et al. 2017). Resilience was first 
defined by the ecologist Holling (1973) as “a measure of the persistence of systems 
and of their ability to absorb change and disturbance and still maintain the same 
relationships between populations or state variables” (Holling 1973). Under this logic, 
the opposite of resilience is vulnerability (Kasperson & Kasperson 2001). 
Resilience has become a central concept in sustainable development perspectives, 
proposing the idea that management and restoration efforts of damaged ecosystems 
  
must focus on enhancing the resilience capacity (Carpenter, Stanley & Vander 
Zanden 2011; Folke, Colding & Berkes 2003; Scheffer & Carpenter 2003). In terms 
of management, the resilience perspective not only adapts to the dynamic character 
of any system, in opposition of the stable traditional conception, but also adds the 
idea of enhancing the systems’ capacity to adapt to changing and uncertain 
scenarios (Folke, Colding & Berkes 2003; Gunderson 2001). Considering climate 
change impacts and the growing effects of anthropogenic pressures among nature, it 
is more strategic to focus management efforts and resources on enhancing 
ecosystems resilience than trying to control change. It is important to highlight that, 
although the resilience approach comes from Theoretical Ecology (Holling 1973), it is 
and must be applied to other fields, i.e. social-ecological systems (implying a holistic 
view of the system). This premise is central to address the adaptive capacity in 
general, but especially in developed countries where economic resources are 
scarce. Furthermore, under sustainable progress strategies, change (due to climate, 
land use, etc) becomes a source of “reorganization, development and innovation”, in 
other words, an opportunity (Folke, Colding & Berkes 2003). 
 
1.7 Buffer zones 
 
Buffer zones, such as wetlands, are considered very important and versatile 
ecosystems in terms of the ecological functions that they perform. For this reason, 
wetlands have gained a major role in mitigation and ecological restoration as a 
solution to current and future socio-environmental problems such as biodiversity 
loss, climate-change impacts and nutrient displacement (Odgaard et al. 2017). 
Among the variety of functions that wetlands accomplish, the most important are: 
short and long-term surface water storage, retention and removal of sediments, 
nutrients and pollutants from diffuse sources of pollution (i.e. agriculture), Carbon 
storage and habitat of a wide variety of biological species. In the particular case of 
riparian buffer zones, we can also mention the following functions: filtration of the 
runoff that transports a variety of pollutants (nutrients, pesticides, organic matter, 
etc.) from intensively managed fields of the catchment areas; erosion protection of 
the rivers´ water banks; supply of heterogeneous habitats in land/inland water 
ecotones which also translates into providing connectivity between different 
  
biological populations due to migration corridors and stepping stones (Mander et al. 
1997). 
Buffer zones strategy: increasing ecosystems´ resilience 
The intensification of agriculture has decreased the landscape heterogeneity, 
generating the loss of different ecosystems, such as riparian buffer zones (Vought et 
al. 1995). Along with other phenomena, these processes have increased erosion 
with high amounts of sediments and nutrients that drain towards the water bodies, 
with negative impacts on water quality (Welsch 1991). As a consequence, nowadays 
crops and agricultural lands intrudes into the water bodies riparian zones (Vought et 
al. 1995), eroding the filtration capacity of this transition ecosystems, and 
fragmentising the habitats of many biological species. 
Among the different strategies to improve catchments water quality and increasing 
the ecosystem´s resilience, the implementation and restoration of buffer zones 
(wetlands, riparian forests) has gained major popularity among environmental 
management (Richardson, Naiman & Bisson 2012). Furthermore, these systems 
also provide other positive aspects such as water storage and flood control. The 
latter gain even more importance under climate change scenarios for regions where 
extreme events related to changing precipitations patterns are projected (e.g. 
Uruguay´s regional context). 
 
1.8 Uruguayan context 
1.8.1 Agriculture in Uruguay 
In Uruguay, the area destined to agriculture grew 318% in the period 2000 – 2011 
(MGAP 2016). Although in the 2011 census the livestock activity was in the first 
place, occupying 6,467,000 ha of the territory, the agricultural activities as a whole 
were in the second place covering 4,928,000 ha (MGAP 2016). Likewise, the biggest 
changes reported in land cover for the period 2000 - 2011 were, from natural field to 
afforestation in the first place and towards rain fed agriculture in second place, 
although this last use of the land is the one that occupies the most area (2,792 ha) 
(MVOTMA 2000; MGAP 2016). 
  
1.8.2 Governmental Policies  
As one of the objectives of this research is to evaluate the current management 
policies applied in the case study, is important to develop an analysis of the 
organizational situation of this region. The Santa Lucia River Catchment is 
distributed over six departments (the equivalent of a state in Australia): Montevideo, 
Canelones, San José, Florida, Flores and Lavalleja (Figure 2). Each of them has its 
own departmental government. At the same time, each department is formed by a 
group of municipalities that are organized in local governments.  
 
Figure 2. Departments occupied by the Santa Lucía River Catchment. Source: Atlas de la Cuenca del Río Santa 
Lucía. 
In the national level, the central institutions involved in the catchment management 
are the MGAP and the MTOP. The former develops much of its management in the 
territory through the “Rural Development Tables”. These are dialogue frameworks 
between different rural social organizations, farmers´ organizations, rural workers’ 
unions, the ministry and other public institutions, with the objective to promote rural 
development policies. Unfortunately, these Rural Tables have not addressed to 
successfully incorporate the sustainable development approach in the rural plans 
yet. However, as the environmental problems related with the water pollution of the 
catchment have generated negative impacts not only in the ecosystems “health” but 
also in the agricultural production (e.g. intoxicated livestock due to the ingest of 
water containing large concentrations of cyanobacteria’s toxins).  
  
The MVOTMA is a very important institution related with water resources basically 
because it meets the function to regulate and monitor the compliance of the 
regulations that aim to protect and improve the water quality of the catchment. The 
public agency related to water resources is the National Water Direction that 
depends on the MVOTMA. 
Due to the geographical distribution of the catchment involving many departments, 
governmental levels and public institutions the legal and institutional context is 
complex. A series of laws, plans and strategies of different governmental levels 
influence in the management of this catchment and eventually in the state of the 
aquatic system of the region (MVOTMA 2016). In Fig. 3 a brief summary shows 
important events in the recent history of management policies, plan and strategies 
development involved in the Santa Lucía River Basin.  
1.8.3 Buffer zones: current strategies 
In 2013, in the context of the generation of the “Action plan for water quality 
management in the Santa Lucía catchment” (MVOTMA 2015), the government 
included a measure, “Number 8”, with the objective of decreasing surface runoff and 
erosion by restoring the margins of the water courses of the Santa Lucía catchment. 
This measure established a buffer zone in the hydrographic basin declared ZONE A 
where tillage of the land and use of agrochemicals is prohibited in a 40-meter strip to 
both margins of the main courses (Santa Lucía River and San José River), 20 
meters on lower order tributaries (such as Canelón Grande stream) and 100 meters 
around reservoirs (Figure 3). Although this measure is a starting point regarding 
buffer zones mitigation strategies, there are many biophysical factors that have not 
been considered. For example, topographic flooding areas, nutrient exportation in 
relation to land use, ecosystems connectivity, among others, are not integrated in the 
action plan. Incorporating this type of information and further analyses using spatial 
information can improve and maximize the effectivity of buffer zones to improve 
water quality, flood control and the conservation of biodiversity. Also, the area 
determined as Zone A does not include the headquarters of the watershed what 
implies a very extensive drainage area that transport pollutants to the water courses 
that ultimately flow to the Santa Lucía River, and to critical sites such as Aguas 
Corrientes, where the Treatment water plant that provides drinking water to the 
metropolitan area is installed. 
  
 
Figure 3. Delimitation of Zone A (pink shaded) determined in Measure N°8 of the Action Plan for the Santa Lucía 
River Basin. The red dot indicates Aguas Corrientes water treatment plant of the metropolitan area. 
 
 
 
Figure 4.  Instruments of territorial organization involving the Santa Lucía River Catchment. Items in black 
represent already applied measures meanwhile the grey items are plans that will be developed in the future. 
Adapted from: MVOTMA 2016.  
 
  
Along the different policies and plans created by the departmental governments 
(black and grey horizontal boxes of Figure 4 there have been three major 
improvements in sustainable policies.  
Firstly, the creation of a National System of Protected Areas (SNAP) in 2000, that 
established conservation zones that cannot be exploited for economic purposes in 
order to protect sensitive ecosystems with high levels of biodiversity. Under this 
program, the Santa Lucía Wetlands have been considered a protected area due to 
its uniqueness in terms of ecosystem services. The wetlands are located around the 
mouth of the river Santa Lucía, where it joins to river “De la Plata”, an estuary that 
empties into the Atlantic Ocean (Figure 5). Some examples of the important services 
that the Santa Lucía wetlands provide are: buffer zone to filter the water from 
surrounding areas, habitat to many species (birds, amphibians, fish, insects, etc.), 
recreational areas near to the metropolitan area (20 km to Montevideo), reproductive 
areas to a variety of marine species, among others (MVOTMA 2016). 
 
Figure 5. Distribution of indigenous forests and wetlands in the Santa Lucia River Catchment. Source: MVOTMA 
2016. 
  
Secondly, the Land use and Sustainable Development Law, created in 2008, 
determined the beginning of an important process that guides the national policies 
towards a sustainable development approach.  
Thirdly, in 2013 the Catchment commission was created by the national government 
and leaded by the MVOTMA. The aim of this new organization was to generate an 
institutional framework to give sustainability to local management of natural 
resources and manage potential conflicts over their use. The Catchment commission 
conformation must represent all the local actors with an active presence in the 
region. For this reason, the commission is constituted by a tripartite integration, with 
representatives of the government, users and the civil society. The most important 
measure developed by this Commission was the creation and implementation of the 
Action Plan for the Santa Lucía River Catchment, composed by 11 measures shown 
in Box 1. The objective of the plan is to control, halt and reverse the process of 
deterioration of the water quality of the catchment by reducing the nutrients inputs 
towards the streams and rivers. Each measure is coordinated between the 
responsible state institutions and closely followed by users and social organizations 
that are part of the Santa Lucía river Catchment commission. 
Box 1. Action Plan for the Santa Lucía River Basin: 11 measures. Source: MVOTMA 2016 
1. Control the industrial spills throughout 
the basin and require the reduction of 
BOD, nitrogen and phosphorus levels. 
7. Restrict direct livestock access to 
water courses located in Zone A. 
2. Control the spills of domestic origin in 
the whole basin and to demand the 
reduction of the level of nitrogen and 
phosphorus prioritizing three cities: Fray 
Marcos, San Ramón and Santa Lucía. 
8. Establish a buffer zone where land 
tillage and use of agrochemicals is 
prohibited in a strip of 40 meters to the 
main courses, 20 meters in the first 
order streams and 100 meters around 
reservoirs. 
3. Determine a priority area, Zone A, 
where the application of nutrients and 
pesticides is controlled. Also, 
management plans must be presented 
to the Ministry of Agriculture with the 
aim to improve the conservation of soils 
before the. Fertilization will be required 
based on soil analysis, keeping 
phosphorus concentrations below a set 
level. 
9. Users that need to extract surface 
water and/or groundwater in Zone A, 
must apply for the necessary permits 
meeting the requirements of the water 
authorities. 
  
4. Suspend the installation of new 
intensive livestock businesses in Zone 
A. Regularize the activity of existing 
enterprises. 
10. Declare the Casupá stream 
catchments as drinking water reserve. 
5. Require the effluents treatment of all 
the diary industries located in the basin. 11. Evaluate and review the evolution of 
the measures with ensuring the 
effective participation of the different 
actors that comprise the Commission. 
6. Implement a final solution to the 
management and disposal of sludge 
from the drinking water treatment plant. 
 
 
1. Which are the most suitable locations to create and/or restore riparian buffer 
zones in the Santa Lucía River basin that would have a positive impact on the 
watershed health? 
2. Is it possible to identify the geomorphic, hydrological and biological factors 
that determine the potential areas where Buffer zones can be located in the 
study area? 
3. Is it possible to generate a simple, multifactorial, Geographic Information 
System-based methodological tool that incorporates the information available 
in the national context?  
 
 
The principal aim is to generate a tool based on Geographic Information Systems 
(GIS) to identify the most suitable sites to create and/or restore riparian wetlands 
considering the watershed spatial scale of the Santa Lucía River Basin in Uruguay. 
In addition to this general goal, the following specific aims arise: 
 To identify the geomorphic, hydrological and biological factors that determine 
the potential areas where Buffer zones can be located. 
 To evaluate different multi-criteria scenarios in order to compare the suitability 
maps prioritizing different ecosystems´ functions. 
 To compare the mitigation strategies proposed by the Government regarding 
buffer zones for the SLRB according to the obtained results.  
  
 
 
4.1 Study area: Santa Lucía River Basin 
The SLRB is one of the most important ecosystems in Uruguay. Uruguay is located 
in the southeastern region of South America, between Argentina and Brazil and it 
has 450 km of coasts along De la Plata River and 220 km of maritime coasts on the 
Atlantic Ocean. The last census determined that the national population is 3,213,147 
inhabitants, of which almost 70% is settled in the coastal departments, 
predominantly in the metropolitan area of Montevideo (INE, 2011). Uruguay´s 
economy is primarily based on an export-oriented agricultural sector (INE, 2014). 
According to the climatic classification of Köppen-Geiger updated by Peel, Finlayson 
& Mcmahon (2007), Uruguay presents a humid subtropical climate. Precipitations 
are homogenously distributed throughout the year so there is not a dry season 
(Goyenola 2016). 
The SLRB is located in the southern region of Uruguay; it is compounded by 
approximately 14.000 ha and comprises six departmental governments (Figure 6). 
This river is the biggest source of drinking water of the country supplying 1.800.000 
people (60% of Uruguayan population) (De León & Hill 2015). In the last century, 
many human activities have been developing in the SLRB, transforming this area in 
an important economical region where many primary industries are located, such as 
the dairy industry, horticulture production, cereal crops and livestock slaughtering, 
among others (Figure 7). All these activities together with the increasing urbanization 
have impacted on the water quality of the rivers and streams located in this region. 
Currently, the SLRB receives a wide variety of effluents from different sources (such 
as industries, agricultural production and cities) what puts in risk the feasibility to use 
this river as a drinking water source in the future (Arocena et al. 2013). 
In the territory of the SLRB almost 32% of the national rural population is 
concentrated, (demographic density: 4 inhabitants/km2). This population is mainly 
dedicated to horticulture, fruit and wine production, birds and pigs breeding, and to 
the dairy activity. In this sense, it is important that the water destined to the 
productive activity and the waters that leave from the rural properties, conserve the 
necessary quality to not affect the other agricultural uses, since this territory is one of 
  
the main poles of food production at a national level. In the subsoil of part of this 
basin is located the Raigón Aquifer, from which water is extracted through wells for 
human consumption, animal consumption, and also for irrigation and supply of 
industries. 
 
 
 
Figure 6. Left: Uruguay´s location in South America (shaded fraction). Right: Santa Lucia River Catchment 
geographical location (shaded fraction).  
 
  
 
Figure 7. Economic activities located in the Santa Lucia River Catchment (dotted line). Source: Atlas de la 
Cuenca del Río Santa Lucía. 
 
In the recent years, the SLRB has tended to increase its trophic state related to 
changes in land use, e.g. agriculture intensification lacking of adequate fertilizers 
regulations (De León & Hill 2015). In March 2013, an algal bloom dominated by the 
toxigenic cyanobacteria Dolichospermum sp. (previously named as Anabaena sp.) 
was registered (Aubriot et al. 2017). As a result, Montevideo's drinking water taste 
and smell was negatively affected. Dolichospermum sp. is a microplankton species 
that produces toxins in freshwaters systems, specifically microcystins which are 
hepatotoxic chemical substances (Brutemark et al. 2015). This event generated 
major controversy and distrust among the population what led to the generation of 
urgent management strategies through the implementation of the plan named 
“Action plan for water quality management in the Santa Lucía catchment” (MVOTMA 
2015).  
  
The climatic projections for the area predict increasing temperatures and rising mean 
rainfall levels (Figure 8). As a result, the frequency and the magnitude of flooding 
events will also increase (PNUD 2012).  
 
Figure 8. Past (1970-1999) and future (2046-2065, 2081-2100) climate change scenarios for southern Uruguay. 
Left: Climatology of mean annual temperature. Right: Climatology of mean annual Rainfall. Source: Plan 
Climático de la Región Metropolitana de Uruguay (PNUD), 2012. 
 
 
4.2 Modelling approach 
The methodological approach to generate the wetland suitability analysis was 
organised according to the following scheme, suggested by Lin, Bourne & Kleiss 
(2006). Figure 9 shows the methodological approach summarized in a diagram. 
1- Determination of the ecosystems functions to be evaluated in the multi-criteria 
model.  
In this approach, the ecosystems functions are grouped into five main 
components, according to the information founded for the study area: i- 
  
Hydrologic Suitability, which involves geomorphic and hydrological factors; 
ii- Conservation Suitability, which includes the variables related to protected 
areas and important ecosystems characterization in terms of biodiversity; iii- 
Soil Suitability, which summarizes the information related to soil 
characteristics for buffer zones implementation/restoration; iv- Pollutant 
Removal Suitability, which summarizes the available information in terms of 
diffuse sources of pollution for each subcatchment of the system and v- Land 
Use Suitability, which classifies the study area into different land uses and its 
plausibility to become buffer zones.  
It is important to point out that in the case of the SLRB, the proposed 
mitigation strategies are exclusively directed to improve the water bodies´ 
water quality. 
2- Selection of the group of variables to be used in the analysis.  
Each of the components mentioned previously are integrated by a series of 
variables or factors that are based on spatial data. This information, i.e. 
layers, is then used as inputs to implement the multi-criteria analysis using 
ArcGIS 10.2 techniques. The factors selected for this approach are described 
in the following section. All the variables were reclassified to a common scale 
from least suitable to most suitable (score: 0 to 10) in order to generate 
criteria maps. All the criteria maps are converted to raster datasets where 
each pixel has a given score according to the reclassification principles (ESRI, 
2014). 
3- Establish the structure of interaction among the variables selected.  
All the variables selected are organized into a certain structure that defines 
the topology of the model, with a given hierarchy of the factors included. 
4- Definition of how the variables/factors selected are weighted, according to the 
ecosystem functions pointed out previously.  
Of the five modules mentioned on the first step, Hydrologic, Conservation and 
Pollutant Removal Suitability are assigned with greater weights in order to 
direct the buffer zones suitability towards headwaters´ subcatchments, 
important conservation regions and where water pollution (translated into 
nutrients concentrations) related to diffuse sources is higher. Also, variables 
weights are based on previous related studies (Uuemaa, Hughes & Tanner 
  
2018; Barrios 2016; Lin, Bourne & Kleiss 2006; White & Fennessy 2005; Van 
Lonkhuyzen, LaGory & Kuiper 2004; Cedfeldt, Watzin & Richardson 2000; 
Odgaard et al. 2017).  
 
  
 
Figure 9. Methodological approach for Buffer Zones Suitability Analysis. 
 
  
Suitability Analysis: Multi-Criteria Evaluation  
The methodological approach to analyse the different variables considered and the 
criteria that will be applied for each model component will be the multi-criteria 
evaluation (MCE) based on Geographic Information System (GIS). The main 
advantage of this method remains on its capacity to synthesize diverse information 
related to a complex problem and consider the different alternatives and objectives 
that decision makers and other stakeholders must consider (Issa & Shehhi 2012; 
Sposito et al. 2013). The MCE divides the general problem in different modules that 
are assessed under different criteria and the obtained results are integrated on GIS 
layer (Malczewski 2004; Sener, Davraz & Ozcelik 2005). MCE was first used for 
planning purposes and later, with the incorporation of GIS it has become the central 
tool for suitability analyses (Carver 1991; Uuemaa, Hughes & Tanner 2018). In this 
approach, the different reclassified datasets were integrated employing weighted 
overlay calculation, as shown below:  
 
where n is the number of criteria, Vi is the value associated with criterion i, and wi is 
the weight associated with criterion I (Uuemaa, Hughes & Tanner 2018). The weight 
refers to the contribution and importance of each factor for suitability evaluation 
(Zhang et al. 2013). 
 
4.3 Buffer Zones Suitability Model 
The multi-criteria model was built based on five main modules: Hydrologic suitability, 
Conservation Suitability, Soil Suitability, Pollutant-Removal Suitability and Land Use 
Suitability (Figure 10). These categories were designed to contemplate, on one 
hand, the bio-physical conditions that are necessary for the implementation and the 
permanence of the buffer zones, such as slope, topographic wetness index (TWI) 
and drainage. On the other hand, the rest of the variables selected consider other 
aspects related to the ecosystem services that wetlands and riparian areas can 
provide, especially the services related to the improvement of the system´s overall 
health. For example, the buffer zones´ capacity to absorb nutrients and other 
  
substances that are transported through runoff towards the water courses; the areas 
with higher levels of biodiversity and their connection to protected natural areas that 
can imply biological corridors or the different land uses that can be more easily 
transformed into buffer zones, considering the economic effort that should be carried 
out. 
In this approach, Hydrologic Suitability (HS), Conservation Suitability (CS) and 
Pollutant Removal Suitability (PRS) were given the highest weights (each one 25%) 
with the aim of promoting these ecosystems functions. 
The next section describes the different components of the generated model, 
detailing the variables that are included in each one. 
 
 
Figure 10. Simplified representation of the Buffer Zones Suitability Model. TWI: Topographic Wetness Index. 
SNAP: National System of Protected Areas. Threat. ecosystems: Threatened ecosystems. Flood. Areas: 
Floodable areas. N: Nitrogen. P: Phosphorus. TP: Total Phosphorus.   
 
4.3.1 Hydrologic Suitability 
a) Topographic Wetness Index (TWI) 
The topographic wetness index (TWI) describes the suitability of a given area to 
accumulate water, based on the topographic characteristic of the landscape. The 
  
index was first developed by Beven & Kirkby (1979) using the runoff model, 
TOPMODEL, that considered that the hydraulic slope can be estimated by the 
topographic slope (Ballerine 2017; Seibert, Stendahl & Sørensen 2007).  
The TWI is calculated by the following equation: 
TWI = Ln (a / tan b) 
where a is the Upslope Drainage Area and b is the local slope (in radians). Higher 
TWI values indicate higher suitability for buffer zones, such as wetlands. 
Nowadays, TWI is calculated using GIS software tools, evaluating different 
characteristics that can be analysed based on Digital Elevation Models (DEM). As 
previously mentioned, the DEM selected for the study was obtained through the 
Alaska Satellite Facility - NASA (https://www.asf.alaska.edu/) from the ALOS 
satellite, with a resolution of 12.5m x 12.5m.  
In this approach, the TWI was calculated according to the following scheme using 
ArcGIS 10.2. 
 
Figure 11. Topographic Wetness Index calculation applied on ArcGIS 10.2 through Model Builder. 
 
The raw DEM was adjusted using the tool “Fill” to correct the discontinuous data to 
ensure a correct representation of basins and water courses. The Drainage Area 
was obtained with the Flow Accumulation tool after calculating Flow Direction. The 
  
slope was also obtained from the filled DEM and converted into radians. The 
resulting GIS data layer (raster) with the calculated TWI is shown in Figure 11. Cells 
with a lower index value represent areas with steepest slope and tend to be ridges or 
crests present on the landscape. Higher cell values represent areas with increased 
accumulated runoff potential. These areas are identified by a low slope and large 
upslope contributing areas (Ballerine 2017). The weight assigned to TWI in the multi-
criteria model was 30%. 
b) Slope 
As aforementioned, the slope was obtained from the Digital Elevation Model that was 
corrected with the “Fill” ArcGIS tool. In this case, the variable was left in degrees (°). 
The weight assigned to this variable was 10%. 
c) Riparian stripes (Fluvial network hierarchy) 
The river network was derived from the Digital Elevation Model (DEM), using the 
tools comprised in the Hydrotools package in ArcGIS 10.2. The DEM was obtained 
by the combination of raster images taken for the study area. The images were 
downloaded from the Alaska Satellite Facility - NASA (https://www.asf.alaska.edu/) 
from the ALOS satellite, with a resolution of 12.5m x 12.5m. An amount of eight DEM 
images were combined to cover the study area corresponding to 2011. The DEM 
was corrected with the “Fill” tool to later determine de Flow Direction and Flow 
Accumulation rasters. The flow accumulation method performs a cumulative count of 
the pixels that contribute into each downslope cell. After comparing different Flow 
Accumulation thresholds outputs with the river network published by DINAMA and 
aerial images of the catchment provided by Google Earth, the fluvial network was 
derived by establishing a threshold of flow accumulation pixel value of 1000. Under 
this assumption, the resulting fluvial network thoroughly comprises the headwaters of 
the rivers. 
The Stream order method was applied according to the Strahler method through the 
ArcTool “Stream order” (Esparza, Luttenberger & Schlund 2014). The branching 
complexity was classified into streams from order one to order eight.  
Once the fluvial network hierarchy was calculated, the adjacent area to the water 
courses was determined considering the width of the observed natural riparian areas 
in reference to the Strahler order number. To determine the width of the riparian 
  
areas, 20 different locations were analysed for each Stream order category, where 
the widths of the observed natural areas neighbouring the streams and rivers were 
measured in ArcGIS. The criteria to determine the width of the riparian area for the 
model was to choose the maximum value registered. With the resulting information, 
the areas surrounding the water courses were established, and a certain “score” was 
given to each area according to the following criteria (Table 1): 
 
Table 1. Scores assignation according to the stream order hierarchy. 
Stream Order Score 
1 8 
2 7 
3 6 
4 5 
5 4 
6 3 
7 2 
8 1 
 
In the areas where more than one riparian area overlapped, an average score was 
calculated. Each group of buffer areas (according to the stream order), was 
converted to raster in order to calculate the average using the Cell Statistics tool of 
the ArcPy package.  
The idea behind the assignation of higher scores (that imply higher suitability) to the 
lowest stream orders, is to prioritize the areas towards the rivers´ sources. These 
areas are still not currently included in the DINAMA´s Action Plan. Moreover, when 
lower order riparian areas are considered, the number of sites that can be possible 
candidates to locate buffer zones increases. 
In the case of other freshwater systems that can be permanently or intermittently 
connected to the fluvial network, such as, reservoir and farm dams, the criteria to 
establish the dimensions of the riparian zones was the same for the streams and 
rivers. These areas were scored as if they were an order one stream riparian buffer, 
in order to increase the suitability in the proximities to these water systems, which 
could promote the proliferation of algal blooms due to increased nutrients 
concentrations. 
  
The weight assigned to the riparian stripes component, compound by the river 
network hierarchy factor and the proximity to water mirrors was 60%, with the aim of 
promoting buffer zones implementation in headwaters´ subcatchments and in areas 
adjacent to farms dams and reservoirs, where cyanobacteria inocula could 
proliferate and propagate to water bodies (during precipitation events).  
 
4.3.2 Conservation Suitability 
a) Threatened ecosystems 
Threatened Ecosystems are those whose surfaces occupy areas between 1.,000 
and 200.000 hectares and are classified in three categories: critically threatened 
(less than 10.000 hectares); in danger (10.000 to 99.000 hectares) and vulnerable 
(100,000 to 200,000 hectares). These categories were defined by (Brazeiro, Soutullo 
& Bartesaghi 2012) within the framework of the Conservation Priorities Project within 
the eco-regions of Uruguay, based on Criteria for threatened ecosystems of IUCN. 
The weight assigned to this variable was 20%. 
b) Distance to protected areas 
With the aim of prioritizing the areas nearby the lands that are included in the 
National System of Protected Areas (SNAP, by its acronym in Spanish) a distance 
analysis was conducted. With the “multiple ring buffer” tool that creates several 
zones of influence at specified distances around the input entities, a map of 
concentric rings of 2 km was generated around the two protected areas that are 
found in the Santa Lucia River Basin. Each ring was assigned to a score from 1 to 
10, being 10 the protected area and 1 the most distant location (Figure 12). The 
scores were assigned according to the following equation: 
 
 
where x is the distance (km) to SNAP protected areas, a is the parameter that 
indicates the maximum possible score (in this case was set to 10) and b (in this case 
was set to 0.27) models the curve´s smoothness. The weight assigned to this factor 
was 20%. 
 
  
 
 
Figure 12. Score versus Distance to Protected Areas. 
c) Biodiversity 
This module includes the species richness of five vertebrates’ animal groups based 
on the data of the National System of Protected Areas: fish, amphibians, birds, 
reptiles and mammals. Each group of vertebrates was assigned an equal weight 
(20%) so the model promotes the locations where higher species richness for all the 
taxa are observed. 
Species richness is a commonly used criterion in prioritization studies (Myers et al. 
2000; Diniz-Filho et al. 2004; Brazeiro et al. 2008). When considering species 
richness as a criterion, it is implicitly assigned the same “value” to each species. For 
this reason, this method is usually complemented with another variable that deals 
separately with the outstanding species, either by their vulnerability to extinction 
(threatened species) and/or by their functional relevance (Brazeiro, Soutullo & 
Bartesaghi 2012). In Uruguay, it has been observed that the distribution of the 
number of threatened terrestrial vertebrates correlates positively with the total 
species richness of these groups (Brazeiro et al. 2008), this is, the sites with higher 
species richness also tend to have the greatest number of threatened species. 
Therefore, the criterion "species richness" would include to a certain degree the 
  
threatened species in the case of Uruguay. To avoid this redundancy, in this analysis 
the criterion of "threatened species" was not considered. The weight assigned to this 
factor was the highest of the Conservation Suitability module (40%), due to the 
intention of directing buffer zones areas towards locations where biodiversity, in 
terms of vertebrates’ richness, was greater. 
d) Future Protected Areas 
This component involves the areas that are possible candidates to be incorporated 
to the National Protected Areas system. The projected areas are classified in five 
classes according to the defined strategies to organize the actions of the SNAP in 
the territory and to achieve the conservation objectives (SNAP 2015). 
Class 1: Constitute the set of protected areas entered into the SNAP in 2014. The 
action on this group of areas is aimed at consolidating planning and management 
processes that are being carried out in each protected area, including monitoring and 
monitoring of results. 
Class 2: Set of sites of interest selected to enter the SNAP in the period 2015-2020. 
There is enough information associated with them to identify them as high priority 
locations. 
Class 3: Areas where there is sufficient information on their environmental condition, 
which identifies them as a high conservation priority, but additional information is 
required on the socioeconomic, cultural and institutional conditions to define the 
viability of being incorporated as a protected area. 
Class 4: Sites of ecological interest about which there is not enough information 
about their environmental, socioeconomic or cultural conditions. The actions on this 
group of sites are oriented to carry out research studies that increase the knowledge 
about the current conditions and their potential contribution to the national system of 
protected areas. 
Class 5: They constitute the set of sites of interest for the SNAP, which are not 
priority for being included in the system. The actions on this group of sites are 
directed to promote alternative conservation strategies, along with other public or 
private institutions. These sites should also be considered areas of interest in other 
private conservation initiatives. 
  
In this model, the suitability gradient will increase towards the lower classes, since 
they are closer to becoming protected areas. The weight assigned to this variable 
was low (5%) because the factor is very dependent on the administration processes 
that tend to be slow.  
e) Vegetation 
For this variable, the types of vegetation registered for the basin were ordered 
according to the proportion of aquatic vegetation observed in the map (Table 2). The 
suitability increases towards the areas with higher proportions of aquatic vegetation. 
The weight assigned to this factor was relatively high (15%) since it represents the 
vegetation biodiversity and in also classifies the habitats that are habitat to other 
wildlife species. 
Table 2. Vegetation classes reclassification criteria. SIGRAS: Agroclimate Unit and Information Systems. 
Reclassification Category SIGRAS Category 
Aquatic 
Acuática 
Juncos 
Selva fluvial 
Meadows, Shrubs 
Pradera estival-Monte galería 
Pradera Estival-Invernal-Parque 
Pradera Estival-Invernal 
Pradera estival-Psamófila 
Pradera estival 
Pradera invernal-estival-Parque 
Pradera invernal 
Pradera estival-Matorral-Monte serrano 
Pradera estival-Matorral 
Pradera estival-Monte serrano 
Pradera estival-Herbazales halófitos 
Pradera estival-Parque-Matorral-Monte serrano 
Mixed aquatic 
Pradera estival-Hidrófilas-Uliginosas 
Pradera invernal-estival-Matorral-Parque-Selva fluvial 
Pradera invernal-estival-Parque-Selva fluvial 
Pradera estival-Parque-Selva fluvial 
Pradera invernal-estival-Psamófilas-Hidrófilas-Selva fluvial-Parque 
Pradera invernal-Parque-Selva fluvial 
Pradera invernal-Selva fluvial 
Pradera estival-Hidrófilas 
Pradera estival-invernal-Parque-Selva fluvial 
Mixed formations Monte Parque 
 
  
4.3.3 Soil Suitability 
a) Flood areas 
The catchment area was classified according to the frequency of flooding from “Long 
Periods”, “Short Periods”, “Intermittent” and “Never”. The first two categories are the 
most suitable areas for the location of buffer zones, promoting the function of flood 
control and water filtering, and also providing habitat for many species. The weight 
assigned to this variable was 40%, due to the importance of floodable areas for the 
long term persistence of buffer zones (especially in the case of wetlands). 
b) Drainage 
The soils where the drainage tends to be slower and water accumulates are the 
most suitable locations for buffer zones patches. The weight assigned to this factor 
was also high (40%) because low drainage rates translates into longer water 
residence time, and the filtration capacity of the buffer zone improves. 
c) Fertility 
This variable was included with the aim of prioritize those areas where the fertility, in 
terms of agricultural purposes, is low. However, all agricultural practises must 
contemplate alternatives to protect some important ecosystems that provide 
essential ecosystem services. The weight assigned to the fertility variable was 20% 
since this factor is related to the stakeholders´ interest to preserve highly productive 
lands to agriculture, but not to the geomorphic and soils conditions to implement 
buffer zones. 
4.3.4 Pollutant Removal Suitability 
In this module of the model, different variables related to nutrients (Nitrogen and 
Phosphorus) were included. These elements have a major impact on water quality 
and are deeply correlated with the deterioration of the Santa Lucía River basin and 
the algal blooms events registered in the last decade. 
 
a) Nitrogen and Phosphorus exportation coefficient 
Exportation coefficients estimate the amount of nutrients (e.g. N and P) that a given 
land use category releases to the environment. Through these types of calculations, 
correlations between land use and diffuse pollution can be made. Although there is 
no regional information on the effect of the different land use varieties found in the 
  
SLRB, the report published by Failde et al. (2015) proposes P and N exportation 
coefficients according to the international literature, calibrated to the Uruguayan 
case. The weights assigned for these variables were 20% in the case of Nitrogen 
and 30% for phosphorus. The reason behind this difference is that eutrophication 
processes in the SLRB have been associated with extremely high dissolved 
phosphorus concentrations (Aubriot et al. 2017). 
b) Nutrient concentrations variables measured in situ: Total Phosphorus, Nitrate, 
Nitrite and Ammonia. 
The data provided by the water quality monitoring programme developed by the 
National Environmental Agency (DINAMA) was used to classify the main water 
courses in relation to the concentrations of the following components: Total 
Phosphorus (TP), Nitrate (NO3), Nitrite (NO2) and Ammonia (NH4). The variables 
were registered in 25 monitoring stations (Table 3). For the purpose of this research, 
the monitoring time period selected was the year 2015 (three to four different 
measures, depending on the station), to match the timeframe with the land use data 
(also published for 2015). 
Considering the values registered in each monitoring station, annual averages were 
calculated. Later, the monitoring points were grouped in the following groups, and a 
second average calculation was made among the annual results.  
The weights assigned for these factors were 20% for TP and 10% for each nitrogen 
variable (NO3, NO2 and NH4). As previously mentioned, TP has a higher weight due 
to the SLRB diffuse pollution sources. 
Table 3. Monitoring water quality stations in the Santa Lucía River Basin. 
Water system Number of Stations 
Canelón Grande and Canelón Chico 4 
Virgen 1 
Canelón Grande  (Reservoir) 2 
Paso Severino  (Reservoir) 3 
San José 5 
Santa Lucía (mouth) 4 
Santa Lucía (sources) 3 
Santa Lucia Chico 3 
 
  
4.3.5 Land Use Suitability 
The study area was classified according to the 2015 information for our country. The 
criteria established for this variable was to prioritize natural areas, followed by large 
scale agricultural production (crops > 4-5 hectares). The least suitable areas in terms 
of economic and social impact for local production are crops <4-5 hectares and 
finally artificial forests and fruit tree plantations due to the high costs of transforming 
these areas into buffer zones. 
This module composed by a unique layer, was weighted in 10%. Since this factor is 
completely related to management decisions, the weight was low, with the aim of 
avoid restricting the model´s results at this level. 
 
4.4 Modelling Scenarios  
In order to evaluate the impacts of prioritizing a certain ecosystem function, different 
alternatives to the proposed BZSM were established. Table 4 shows the three 
alternative scenarios projected, considering the approach presented in section 4.3 
(page 26) as the Baseline (Scenario 0). 
The first scenario (1) promotes land use to the detriment of the conservation module. 
The second scenario increases 15% the CS weight, while decreasing the same 
percentage the PRS component. The last scenario (3) represents the opposite logic 
compared to scenario 2, since PRS weight increases and CS weight decreases. 
Table 4. Scenarios weights assignation; red values indicates weight decrease; blue values indicates weight 
increase HS: Hydrologic Suitability. CS: Conservation Suitability. SS: Soil Suitability. PRS: Pollutant Removal 
Suitability. LUS: Land Use Suitability. 
 
Weight (%) 
Scenario HS CS SS PRS LUS 
0 (Baseline) 25 25 15 25 10 
1 25 10 15 25 25 
2 25 40 15 10 10 
3 25 10 15 40 10 
 
4.5 Sensitivity analysis 
The robustness of the BZSM can be tested by performing a weight Sensitivity 
Analysis (SA). This analysis evaluates the variation of the results generated by 
changes in the specific weights assignation. The importance of the Sensitivity 
analysis relies on verifying how consistent and stable the model is, when variations 
  
on weight assignation are executed. Therefore, low variances observed on the 
model outcomes can be interpreted as an indicative of robustness, while high 
variances means that the model is unstable (Romeijn et al. 2014; Barrios 2016).  
To perform the Sensitivity Analysis, the method presented in Romeijn et al. (2014) 
was implemented. In this method the input weights are modified one at a time, and 
the weight that are not being modified are fixed to an extent of their original value. 
This allows to control and each isolated effect therefore giving the possibility to 
compare the results (Chen et al. 2010). In this case, we started with the values of the 
Buffer Zone Model and over each weight we added and subtracted 10%, 20%, 30% 
and 40% of its own value. The result was (number of weight variations) x (number of 
parameters) = 8x5 = 40 runs of the model. 
 
This section describes the resultant suitability maps from the methodological 
approach previously described. Firstly, the suitability maps of the five modules on 
which the model is built are presented. Then, the Buffer Zones suitability maps are 
shown and described (baseline and alternative scenarios). The results illustrated on 
the maps are classified in five ranges according to the suitability index (SI): “Very 
Low” (SI: 1-2), “Low” (SI: 3-4), “Medium” (SI: 5-6), “High” (SI: 7-8), “Very High” (SI: 9-
10). 
Lastly, the sensitivity analysis results are displayed.  
 
5.1 Analysis by BZSM modules 
5.1.1 Hydrologic Suitability 
The Hydrologic suitability module is based on three factors (Figure 13): Topographic 
Wetness Index (TWI, 30%), Slope (10%) and Riparian stripes (60%), which describe 
the proximity to rivers and streams (in terms of hierarchy) and to artificial lake 
systems (farm dams and reservoirs).  In this section, the results of the variables that 
compose the model are presented, followed by the results obtained for the 
hydrological suitability module. 
 
  
 
Figure 13. Representation of the model topology for the Hydrologic suitability module. Percentages indicate 
weights and r = “rate” given for each variable´s level.  
 
Figure 14(a) and 14(b) shows the values of the TWI distributed along the Santa 
Lucía Basin. The TWI varied between -3.2 to 18.2 (Mean: 0.7; Standard deviation: 
2.5) which is consistent with the results found on other basins (Ballerine 2017). The 
highest TWI values are observed on the areas where rivers and streams are located, 
which validates the precision of the Digital Model Resolution as well as the 
effectiveness of the index. Values higher than 7 are considered suitable for wetland 
implementation; in the resulting map, these values are related to the riparian areas 
around the water courses, which are distributed homogenously along the study area. 
The sites where higher concentration of suitable TWI cells are located correspond to 
the floodplains of the water courses, which are more extensive in the mouths of high-
flow Rivers.  
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Figure 14. Top: Topographic Wetness Index in the SLRB. The black square indicates the zoomed area which is 
shown on the bottom image.  
 
When analysing the SLRB slope, the obtained results varied from 0° to 56°. The 
areas considered as the most suitable (slope < 20°) occupy the 99% of the basin. 
The riparian stripes analyses classified 62% of the study area in a “medium” 
  
suitability level and 0.5% in a “high” and “very high” suitability level, associated to 
farm dams and reservoirs. 
The hydrologic suitability map is shown on Figure 15. The areas that exhibit higher 
suitability indexes are related to low order water courses and the area around 
reservoirs and farm dams. Highest suitability values were obtained on the riparian 
belts of the two main reservoirs “Paso Severino” and “Canelón Grande”, while the 
lowest suitability indexes were located over the sub-catchments boundaries, where 
TWI values were inferior.   
 
 
Figure 15. Hydrologic Suitability map in the SLRB. 
 
5.1.2 Conservation Suitability 
 
The Conservation suitability module is based on five factors (Figure 16): Threatened 
ecosystems (30%), Distance to SNAP Areas (20%), Biodiversity (40%), Future 
Protected Areas (5) and Vegetation (15%). 
 
  
Figure 16 show the conservation suitability distribution along the SLRB. The areas 
classified under some level of ecosystem threat represent 10.3% of the basin. The 
category “Critically threatened” was found in a small polygon (0.5 km2) on the 
northwest of the basin (Flores department). The areas considered “threatened” are 
distributed in 5.2% of the study area, and are mainly associated with native forests 
on river banks and natural meadows.  
The variable that determines the spatial proximity to SNAP ecosystems, “Santa 
Lucía Wetlands” and “Arequita National Park”, classified the SLRB into a series of 
concentric bands around these two nodes that are located in opposite regions of the 
basin.  
The highest levels of biodiversity were located on the southern region of the SLRB, 
mainly associated with floodplain areas and the Santa Lucía Wetlands. Also, other 
sites with high levels of species richness were located on the northwest area (San 
José and Flores) as well as on the eastern part of the SLRB associated with 
Lavalleja´s hills. 
In relation to the vegetation found in the SLRB, almost 4% of the study area is 
covered by aquatic vegetation located along the main rivers, such as Santa Lucía, 
San José, Santa Lucía Chico, Canelón Grande and Chico, Cagancha, among 
others. Also, the category classified as “Mixed Aquatic” represents 21% of the SLRB 
surface. 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 16. Representation of the model topology for the Conservation suitability module. Percentages indicate weights and r = “rate” given for each variable´s level. 
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The areas with higher conservation suitability indexes are concentrated in two main 
sites: 1- the region on the southeast of the catchment where the Santa Lucía 
Wetlands are located (where biodiversity is high and some part of this area is 
already under the protection of SNAP system); 2- the region on the western part of 
the basin, where Lavalleja´s hills ecosystems are located. The most suitable areas, 
that presented “High” and “Very High” levels, cover 5.2% of the SLRB extension and 
also include polygons along the Santa Lucía Chico River (Florida) and on the frontier 
between San José and Flores, near the Guaycurú stream.  
 
 
Figure 17. Conservation Suitability map in the SLRB. 
 
  
Soil Suitability 
 
The Soil suitability module is based on three factors (Figure 18): Floodable areas 
(40%), Drainage (40%) and Fertility (20%). Figure 18 show the soil suitability index 
distributed along the SLRB. Figure 20 shows the pollutant removal suitability 
distributed along the SLRB. In terms of the frequency and duration of floods, more 
than 4% of the basin is frequently flooded (1% for long periods and 3% for short 
periods). The areas where water drainage is “Very Slow”/”Slow” represent 1.3% of 
the basin, while where it is “Moderate” the surface percentage rises to 46%. The 
least fertile lands are placed in the Santa Lucía Wetlands and at the confluence of 
the Canelón Grande River with the Santa Lucía River.  The area with “Moderate” 
fertility rates are mainly distributed on the north and northeast side of the basin. 
 
 
Figure 18. Model topology for the Soil Suitability module. Percentages indicate factor´s weights and r = “rate” 
given for each variable´s level. 
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The most suitable areas in terms of soils are mainly located near high flow rivers 
(Santa Lucía river mouth, Canelón Grande, Canelón Chico, San José), where 
variations of water flow are considerable, and tend to form floodplains (Figure 19). 
 
Figure 19. Soil Suitability map in the SLRB. 
 
5.1.3 Pollutant Removal Suitability 
 
The Pollutant Removal suitability module is based on six factors (Figure 20): Inland 
Nitrogen exportation (20%), Inland Phosphorus exportation (PT, 30%), in situ total 
Phosphorus (20%), in situ Ammonium (NH4, 10%), in situ Nitrate (NO3, 10%) and in 
situ Nitrite (NO2, 10%).  
The highest levels of inland Nitrogen exportation coefficients correspond to urban 
areas and agricultural lands, where dry and irrigated crops are developed. In the 
case of Phosphorus exportation coefficients, the highest values correspond to 
agricultural lands (Crops > 4 -5 ha and Irrigates and Dry Crops < 4 – 5 ha). 
The highest values for PT, NH4, NO3 and NO2 were observed for the Canelón Chico 
River subcatchment followed by the Canelón Grande river subcatchment. The lowest 
  
average values in the case of NO3, NO2 and PT were shown for the headwaters of 
the Santa Lucía River subcatchment. The lowest values of ammonium were 
observed in the Paso Severino reservoir subcatchment and the San José river 
subcatchment.  
 
Figure 20. Model topology for the Pollutant Removal Suitability module. Percentages indicate weights and r = 
“rate” given for each variable´s level. 
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The Pollutant Removal Suitability component identifies the areas with highest loads 
of nutrients, comprising inland and in water information (Figure 21). The areas 
classified as most suitable constitute 19% of the SLRB, and are distributed along the 
Canelón Grande, Canelón Chico and De la Virgen rivers subcatchment as well as 
the intermediate and southern region of the Santa Lucía river subcatchment. The 
lowest suitability values are found towards the headwaters´ main rivers basins, 
particularly on the east part of the study system (Lavalleja). 
 
 
Figure 21. Pollutant Removal Suitability map in the SLRB. 
 
5.1.4 Land Use Suitability 
Land Use Suitability module (10%) classified this attribute of the study area 
according to the criteria shown in  
  
 
Figure 22, assigning higher suitability values to the areas where is more plausible to 
install or restore buffer zones in terms of economic and management aspects.  
 
 
Figure 22. Land Use suitability module. Percentage indicate the weight of this module and r = “rate” given for 
each variable´s level.  
Figure 23 shows the land use suitability distributed along the SLRB. The most 
suitable areas were located on the riparian belts of some rivers, such as Santa 
Lucía, Zanja Honda and Vejigas, and towards the northern and north-eastern 
  
regions of the basin (Flores, Florida, Lavalleja; Figure 23). The areas classified as 
“Very High” represent 42% of the total SLRB. 
 
Figure 23. Land Use Suitability map in the SLRB. 
 
5.2 Buffer Zones Suitability Model 
 
The results obtained from the Buffer Zones Suitability Model (Figure 10) under the 
baseline Scenario (0) are shown in Figure 24.  The highest suitability index values 
obtained correspond to the category “High” (7 and 8) that are distributed relatively 
homogenously over the SLRB. However, these areas are concentrated in the 
southern region of the catchment: 1- the zone of the Santa Lucía Wetlands and 2- 
the territory included in the Canelón Grande and Canelón Chico river sub-
catchments. The “High” suitable cells represent 3.5% of the total SLRB. 
  
 
Figure 24. Buffer Zones Suitability in the SLRB, baseline scenario (0). 
The most suitable areas for buffer zones implantation were mainly located in the 
sub-catchments 63 and 66, and in Canelones and San José departments (Table 5 
and Table 6). The least suitable areas, classified under the “Low” category were 
predominantly located in sub-catchments 60 and 61 and in Florida and Lavalleja 
departments (Table 5 and Table 6). 
 
Table 5. Buffer zones suitability per subcatchment. %(i): Percentage of suitable area in relation to the 
subcatchment total surface. %(ii): Percentage of suitable area in relation to the SLRB total surface.   
Suitability level 3 4 5 6 7 8 
Suitability index Low Medium High 
60 
Area (km2) 42.5 839.8 2790.6 1428.7 41.6 0.0 
%(i) 0.8 16.3 54.3 27.8 0.8 0.0 
%(ii) 0.3 6.3 20.9 10.7 0.3 0.0 
61 
Area (km2) 2.1 222.7 1545.4 768.2 0.0 0.0 
%(i) 0.1 8.8 60.9 30.3 0.0 0.0 
%(ii) 0.0 1.7 11.6 5.7 0.0 0.0 
62 
Area (km2) 0.0 6.8 223.6 397.3 36.6 0.0 
%(i) 0.0 1.0 33.7 59.8 5.5 0.0 
  
Suitability level 3 4 5 6 7 8 
Suitability index Low Medium High 
%(ii) 0.0 0.1 1.7 3.0 0.3 0.0 
63 
Area (km2) 0.0 14.0 140.7 386.2 169.3 1.6 
%(i) 0.0 2.0 19.8 54.3 23.8 0.2 
%(ii) 0.0 0.1 1.1 2.9 1.3 0.0 
64 
Area (km2) 0.0 1.4 22.6 100.1 18.4 0.0 
%(i) 0.0 1.0 15.8 70.2 12.9 0.0 
%(ii) 0.0 0.0 0.2 0.7 0.1 0.0 
65 
Area (km2) 0.7 127.8 1824.8 1555.6 45.9 0.4 
%(i) 0.0 3.6 51.3 43.8 1.3 0.0 
%(ii) 0.0 1.0 13.7 11.6 0.3 0.0 
66 
Area (km2) 0.0 8.7 65.5 166.8 111.7 2.6 
%(i) 0.0 2.5 18.4 46.9 31.4 0.7 
%(ii) 0.0 0.1 0.5 1.2 0.8 0.0 
67 
Area (km2) 0.0 21.4 73.2 51.8 12.5 0.4 
%(i) 0.0 13.4 45.9 32.5 7.8 0.3 
%(ii) 0.0 0.2 0.5 0.4 0.1 0.0 
68 
Area (km2) 0.0 7.7 30.1 25.2 21.7 0.3 
%(i) 0.0 9.1 35.4 29.6 25.5 0.4 
%(ii) 0.0 0.1 0.2 0.2 0.2 0.0 
 
 
Table 6. Buffer zones suitability per department. %(i): Percentage of suitable area in relation to the subcatchment 
total surface. %(ii): Percentage of suitable area in relation to the SLRB total surface. 
Suitability index 3 4 5 6 7 8 
Suitability level Low Medium High 
Flores 
Area (km2) 0.0 42.0 508.7 297.4 1.7 0.0 
%(i) 0.0 4.9 59.9 35.0 0.2 0.0 
%(ii) 0.0 0.3 3.8 2.2 0.0 0.0 
Florida 
Area (km2) 16.0 460.5 2661.6 1483.1 25.2 0.0 
%(i) 0.3 9.9 57.3 31.9 0.5 0.0 
%(ii) 0.1 3.4 19.9 11.1 0.2 0.0 
Canelones 
Area (km2) 1.1 119.9 761.0 1124.3 258.8 2.4 
%(i) 0.0 5.3 33.6 49.6 11.4 0.1 
%(ii) 0.0 0.9 5.7 8.4 1.9 0.0 
Montevideo 
Area (km2) 0.0 15.0 52.8 33.8 19.3 0.5 
%(i) 0.0 12.4 43.4 27.9 15.9 0.4 
%(ii) 0.0 0.1 0.4 0.3 0.1 0.0 
Lavalleja Area (km2) 27.6 521.1 1252.6 353.7 5.1 0.0 
  
Suitability index 3 4 5 6 7 8 
Suitability level Low Medium High 
%(i) 1.3 24.1 58.0 16.4 0.2 0.0 
%(ii) 0.2 3.9 9.4 2.6 0.0 0.0 
San José 
Area (km2) 0.6 91.7 1479.7 1587.5 152.7 2.5 
%(i) 0.0 2.8 44.6 47.9 4.6 0.1 
%(ii) 0.0 0.7 11.1 11.9 1.1 0.0 
 
 
5.2.1 Buffer Zones Suitability: Scenarios 
 
a) Scenario 1 
The first scenario that was executed implied a 15% weight increase in the Land Use 
component and a 15% decrease in the Conservation module. The resulting map is 
shown in Figure 25. 
 
Figure 25. Buffer Zones Suitability in the SLRB, Scenario n°1. 
 
  
The highest suitability index values obtained correspond to the category “High” (7 
and 8) that are distributed throughout all the sectors of the SLRB. However, the sub-
catchments that present a greater presence of “High” suitable areas are 60, 63 and 
65; in terms of administrative categories, these areas tend to concentrate in Florida 
(Table 7 and Table 8). The “High” suitable cells represent 8.3% of the total SLRB. 
The least suitable areas, classified under the “Very Low” and “Low” categories, were 
predominantly located at sub-catchments 60 and in the departments of Lavalleja and 
Florida (Table 7 and Table 8). 
 
Table 7. Buffer zones suitability per Subcatchment. %(i): Percentage of suitable area in relation to the 
subcatchment total surface. %(ii): Percentage of suitable area in relation to the SLRB total surface. 
Suitability index 2 3 4 5 6 7 8 
Suitability level Very Low Low Medium High 
60 
Area (km2) 
0.032 
104.9 371.3 1540.5 2848.2 278.2 0.0 
%(i) 
0.0006 
2.0 7.2 30.0 55.4 5.4 0.0 
%(ii) 
0.0002 
0.8 2.8 11.5 21.3 2.1 0.0 
61 
Area (km2) 
0 
23.8 67.3 582.3 1775.9 94.4 0.1 
%(i) 
0 
0.9 2.6 22.9 69.8 3.7 0.0 
%(ii) 
0 
0.2 0.5 4.4 13.3 0.7 0.0 
62 
Area (km2) 
0 
2.6 14.7 101.4 450.1 95.5 0.0 
%(i) 
0 
0.4 2.2 15.3 67.8 14.4 0.0 
%(ii) 
0 
0.0 0.1 0.8 3.4 0.7 0.0 
63 
Area (km2) 
0 
2.8 44.3 117.3 305.2 234.9 7.3 
%(i) 
0 
0.4 6.2 16.5 42.9 33.0 1.0 
%(ii) 
0 
0.0 0.3 0.9 2.3 1.8 0.1 
64 
Area (km2) 
0 
1.0 5.8 15.5 91.7 28.6 0.0 
%(i) 
0 
0.7 4.1 10.9 64.3 20.0 0.0 
%(ii) 
0 
0.0 0.0 0.1 0.7 0.2 0.0 
65 
Area (km2) 
0 
10.2 61.7 781.6 2502.4 199.2 0.1 
%(i) 
0 
0.3 1.7 22.0 70.4 5.6 0.0 
%(ii) 
0 
0.1 0.5 5.8 18.7 1.5 0.0 
66 
Area (km2) 
0 
4.5 31.8 53.0 139.6 124.0 2.4 
%(i) 
0 
1.3 8.9 14.9 39.3 34.9 0.7 
%(ii) 
0 
0.0 0.2 0.4 1.0 0.9 0.0 
67 
Area (km2) 
0 
13.3 55.6 35.3 39.6 15.2 0.4 
%(i) 
0 
8.4 34.9 22.2 24.8 9.5 0.2 
%(ii) 
0 
0.1 0.4 0.3 0.3 0.1 0.0 
68 Area (km2) 
0 
4.8 19.9 17.7 17.9 24.2 0.5 
  
Suitability index 2 3 4 5 6 7 8 
Suitability level Very Low Low Medium High 
%(i) 
0 
5.6 23.4 20.8 21.0 28.5 0.6 
%(ii) 
0 
0.0 0.1 0.1 0.1 0.2 0.0 
 
 
Table 8. Buffer zones suitability per department. %(i): Percentage of suitable area in relation to the subcatchment 
total surface. %(ii): Percentage of suitable area in relation to the SLRB total surface. 
Suitability index 2 3 4 5 6 7 8 
Suitability level Very Low Low Medium High 
Flores 
Area (km2) 0.0 0.4 8.3 198.3 609.7 33.1 0.0 
%(i) 0.0 0.1 1.0 23.3 71.7 3.9 0.0 
%(ii) 0.0 0.0 0.1 1.5 4.6 0.2 0.0 
Florida 
Area (km2) 0.004 54.2 176.4 1081.1 3104.9 229.6 229.6 
%(i) 0.0001 1.2 3.8 23.3 66.8 4.9 0.001 
%(ii) 0.00003 0.4 1.3 8.1 23.2 1.7 0.0005 
Canelones 
Area (km2) 0.0 24.1 144.6 443.5 1178.3 468.9 8.0 
%(i) 0.0 1.1 6.4 19.6 52.0 20.7 0.4 
%(ii) 0.0 0.2 1.1 3.3 8.8 3.5 0.1 
Montevideo 
Area (km2) 0.0 7.6 39.3 27.4 24.9 21.7 0.6 
%(i) 0.0 6.3 32.3 22.5 20.5 17.8 0.5 
%(ii) 0.0 0.1 0.3 0.2 0.2 0.2 0.0 
Lavalleja 
Area (km2) 0.03 69.5 229.0 826.2 1009.4 26.1 0.0 
%(i) 0.001 3.2 10.6 38.2 46.7 1.2 0.0 
%(ii) 0.0002 0.5 1.7 6.2 7.6 0.2 0.0 
San José 
Area (km2) 0.0 12.0 74.6 667.7 2243.7 314.6 2.1 
%(i) 0.0 0.4 2.3 20.1 67.7 9.5 0.1 
%(ii) 0.0 0.1 0.6 5.0 16.8 2.4 0.0 
 
 
b) Scenario 2 
The second scenario that was executed implied a 15% weight increase in the 
Conservation module and a 15% decrease in the Pollutant Removal module. The 
resulting map is shown in Figure 26. 
 
  
 
Figure 26. Buffer Zones Suitability in the SLRB, Scenario n°2. 
 
The highest suitability index values obtained correspond to the categories “High” (7 
and 8) and “Very High” (9) that are distributed throughout all the sectors of the 
SLRB. However, the sub-catchments that present a greater presence of highly 
suitable areas are 63, 65 and 66; in terms of administrative categories, these areas 
tend to concentrate in Florida (Table 9 and Table 10). The most suitable cells 
represent 8.3% of the total SLRB. 
The least suitable areas, classified under the “Very Low” and “Low” categories, were 
predominantly located at sub-catchments 60 and in the departments of Lavalleja and 
Florida (Table 9 and Table 10). 
 
 
 
 
  
Table 9. Buffer zones suitability per Sub-catchment. %(i): Percentage of suitable area in relation to the 
subcatchment total surface. %(ii): Percentage of suitable area in relation to the SLRB total surface. 
Suitability index 2 3 4 5 6 7 8 9 
Suitability level Very Low Low Medium High Very High 
60 
Area (km2) 3.172813 205.4 1244.2 2802.3 872.9 15.2 0.0 0 
%(i) 0.061689 4.0 24.2 54.5 17.0 0.3 0.0 0 
%(ii) 0.0 1.5 9.3 21.0 6.5 0.1 0.0 0.0 
61 
Area (km2) 0.074375 28.8 455.6 1657.6 396.2 5.4 0.2 0 
%(i) 0.00293 1.1 17.9 65.3 15.6 0.2 0.0 0 
%(ii) 0.0 0.2 3.4 12.4 3.0 0.0 0.0 0.0 
62 
Area (km2) 0 0.2 50.1 348.9 252.3 12.7 0.0 0 
%(i) 0 0.0 7.5 52.5 38.0 1.9 0.0 0 
%(ii) 0.0 0.0 0.4 2.6 1.9 0.1 0.0 0.0 
63 
Area (km2) 0 0.8 48.2 293.0 332.7 37.1 0.0 0 
%(i) 0 0.1 6.8 41.2 46.7 5.2 0.0 0 
%(ii) 0.0 0.0 0.4 2.2 2.5 0.3 0.0 0.0 
64 
Area (km2) 0 0.0 1.3 29.4 100.9 10.9 0.0 0 
%(i) 0 0.0 0.9 20.6 70.8 7.6 0.0 0 
%(ii) 0.0 0.0 0.0 0.2 0.8 0.1 0.0 0.0 
65 
Area (km2) 0 17.1 325.0 2133.9 1048.1 27.5 3.7 0 
%(i) 0 0.5 9.1 60.0 29.5 0.8 0.1 0 
%(ii) 0.0 0.1 2.4 16.0 7.8 0.2 0.0 0.0 
66 
Area (km2) 0 0.1 6.0 73.2 161.9 50.0 64.2 0 
%(i) 0 0.0 1.7 20.6 45.6 14.1 18.1 0 
%(ii) 0.0 0.0 0.0 0.5 1.2 0.4 0.5 0.0 
67 
Area (km2) 0 0.0 16.8 78.5 50.3 8.2 5.6 0.000313 
%(i) 0 0.0 10.5 49.2 31.5 5.2 3.5 0.000196 
%(ii) 0.0 0.0 0.1 0.6 0.4 0.1 0.0 0.0 
68 
Area (km2) 0 0.0 3.6 33.4 23.2 9.4 15.4 0 
%(i) 0 0.0 4.2 39.3 27.3 11.1 18.1 0 
%(ii) 0.0 0.0 0.0 0.2 0.2 0.1 0.1 0.0 
 
 
Table 10. Buffer zones suitability per department. %(i): Percentage of suitable area in relation to the 
subcatchment total surface. %(ii): Percentage of suitable area in relation to the SLRB total surface. 
Suitability Index 2 3 4 5 6 7 8 9 
Suitability Level Very low Low Medium High Very High 
Flores 
Area (km2) 0.0 12.7 96.6 540.4 199.3 0.9 0.0 0.0 
%(i) 0.0 1.5 11.4 63.6 23.4 0.1 0.0 0.0 
%(ii) 0.0 0.1 0.7 4.0 1.5 0.0 0.0 0.0 
  
Suitability Index 2 3 4 5 6 7 8 9 
Suitability Level Very low Low Medium High Very High 
Florida 
Area (km2) 0.4 98.1 915.0 2920.2 705.6 7.0 0.2 0.0 
%(i) 0.01 2.1 19.7 62.8 15.2 0.2 0.0 0.0 
%(ii) 0.003 0.7 6.8 21.9 5.3 0.1 0.0 0.0 
Canelones 
Area (km2) 0.002 30.3 269.7 1015.1 850.0 87.1 15.1 0.0 
%(i) 0.0001 1.3 11.9 44.8 37.5 3.8 0.7 0.0 
%(ii) 0.00001 0.2 2.0 7.6 6.4 0.7 0.1 0.0 
Montevideo 
Area (km2) 0.0 0.0 7.7 58.0 33.8 8.8 13.2 0.0003 
%(i) 0.0 0.0 6.3 47.7 27.8 7.3 10.9 0.0003 
%(ii) 0.0 0.0 0.1 0.4 0.3 0.1 0.1 0.000002 
Lavalleja 
Area (km2) 2.8 106.9 599.3 1078.9 359.9 12.3 0.0 0.0 
%(i) 0.1 4.9 27.7 49.9 16.7 0.6 0.0 0.0 
%(ii) 0.02 0.8 4.5 8.1 2.7 0.1 0.0 0.0 
San José 
Area (km2) 0.0 4.6 262.3 1837.2 1090.0 60.2 60.4 0.0 
%(i) 0.0 0.1 7.9 55.4 32.9 1.8 1.8 0.0 
%(ii) 0.0 0.0 2.0 13.8 8.2 0.5 0.5 0.0 
 
 
c) Scenario 3 
 
The third scenario that was executed implied a 15% weight increase in the Pollutant 
Removal module and a 15% decrease in the Conservation component. The resulting 
map is shown in Figure 27. 
 
  
 
Figure 27. Buffer Zones Suitability in the SLRB, Scenario n°3. 
 
The highest suitability index values obtained correspond to the categories “High” (7 
and 8) and “Very High” (9) that are distributed throughout all the sectors of the 
SLRB. However, the sub-catchments that present a greater presence of highly 
suitable areas are 60 and 63; in terms of administrative categories, these areas tend 
to concentrate in Canelones (Table 11 and Table 12). The most suitable cells 
represent 8.1% of the total SLRB. 
The least suitable areas, classified under the and “Low” category, were 
predominantly located at sub-catchments 60 and in the departments of Lavalleja and 
Florida (Table 11 and Table 12). 
 
 
 
 
  
Table 11. Buffer zones suitability per Sub-catchment. %(i): Percentage of suitable area in relation to the 
subcatchment total surface. %(ii): Percentage of suitable area in relation to the SLRB total surface. 
Suitability index 3 4 5 6 7 8 9 
Suitability level Low Medium High Very High 
60 
Area (km2) 5.8 827.6 2366.9 1642.2 299.7 1.0 0 
%(i) 0.1 16.1 46.0 31.9 5.8 0.0 0 
%(ii) 0.0 6.2 17.7 12.3 2.2 0.0 0 
61 
Area (km2) 0.1 184.7 1240.5 1080.3 38.2 0.0 0 
%(i) 0.0 7.3 48.9 42.6 1.5 0.0 0 
%(ii) 0.0 1.4 9.3 8.1 0.3 0.0 0 
62 
Area (km2) 0.0 7.3 124.1 397.9 135.0 0.1 0 
%(i) 0.0 1.1 18.7 59.9 20.3 0.0 0 
%(ii) 0.0 0.1 0.9 3.0 1.0 0.0 0 
63 
Area (km2) 0.0 2.5 82.6 276.0 301.2 49.5 0.017969 
%(i) 0.0 0.4 11.6 38.8 42.3 7.0 0.002524 
%(ii) 0.0 0.0 0.6 2.1 2.3 0.4 0.000134 
64 
Area (km2) 0.0 1.8 27.8 84.2 28.6 0.1 0 
%(i) 0.0 1.2 19.5 59.1 20.1 0.0 0 
%(ii) 0.0 0.0 0.2 0.6 0.2 0.0 0 
65 
Area (km2) 0.1 81.4 1485.5 1858.5 129.7 0.1 0 
%(i) 0.0 2.3 41.8 52.3 3.6 0.0 0 
%(ii) 0.0 0.6 11.1 13.9 1.0 0.0 0 
66 
Area (km2) 0.0 14.8 75.9 183.6 80.2 0.8 0 
%(i) 0.0 4.2 21.4 51.7 22.6 0.2 0 
%(ii) 0.0 0.1 0.6 1.4 0.6 0.0 0 
67 
Area (km2) 0.0 29.4 75.0 42.9 11.8 0.2 0 
%(i) 0.0 18.5 47.0 26.9 7.4 0.1 0 
%(ii) 0.0 0.2 0.6 0.3 0.1 0.0 0 
68 
Area (km2) 0.0 11.1 29.8 35.9 8.2 0.0 0 
%(i) 0.0 13.0 35.0 42.3 9.6 0.1 0 
%(ii) 0.0 0.1 0.2 0.3 0.1 0.0 0 
 
 
 
 
 
 
  
Table 12. Buffer zones suitability per department. %(i): Percentage of suitable area in relation to the 
subcatchment total surface. %(ii): Percentage of suitable area in relation to the SLRB total surface. 
Suitability index 3 4 5 6 7 8 9 
Suitability level Low Medium High Very High 
Flores 
Area (km2) 0 21 448.1 368.4 12.4 0 0 
%(i) 0 2.5 52.7 43.3 1.5 0 0 
%(ii) 0 0.2 3.4 2.8 0.1 0 0 
Florida 
Area (km2) 1.2 381.9 2075.5 1981.8 205.9 0 0 
%(i) 0.03 8.2 44.7 42.7 4.4 0 0 
%(ii) 0.01 2.9 15.5 14.8 1.5 0 0 
Canelones 
Area (km2) 0.2 75.1 565 1039.7 536.7 50.8 0.02 
%(i) 0.01 3.3 24.9 45.9 23.7 2.2 0.001 
%(ii) 0.002 0.6 4.2 7.8 4 0.4 0.0001 
Montevideo 
Area (km2) 0 23.3 49.5 38.8 9.8 0.1 0 
%(i) 0 19.2 40.7 31.9 8.1 0.1 0 
%(ii) 0 0.2 0.4 0.3 0.1 0 0 
Lavalleja 
Area (km2) 4.5 590.8 1230.8 317.6 16.4 0 0 
%(i) 0.2 27.4 57 14.7 0.8 0 0 
%(ii) 0 4.4 9.2 2.4 0.1 0 0 
San José 
Area (km2) 0.1 68 1139 1855.4 251.3 0.8 0 
%(i) 0.004 2.1 34.4 56 7.6 0 0 
%(ii) 0.001 0.5 8.5 13.9 1.9 0 0 
 
 
d) Quantitative comparison among scenarios 
 
When comparing the results of the baseline outcome (Scenario 0) with the three 
scenarios simulations, the following observations arise (Table 13). Scenario 1 and 3 
have a positive impact on the highest suitability areas (indexes 7, 8 and 9), 
increasing 4.76% and 4.56% respectively. On the other hand, scenario 2 generates 
a 1.54% decrease in the highest suitable areas. 
The areas with lowest suitability levels registered (“Very Low” and “Low”) tend to 
decrease by comparing the baseline to scenarios 1 and 3 (-3.4% and -0.95% 
respectively). In the case of Scenario 2, the least suitable areas increase 8.5%. 
 
 
  
Table 13. Areas (km2) and percentage for each suitability level obtained for the different scenarios simulations. 
 
Scenario 0 Scenario 1 Scenario 2 Scenario 3 
Suitability 
index 
Area 
(km2) 
% 
Area 
(km2) 
% 
Area 
(km2) 
% 
Area 
(km2) 
% 
0 0 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 0 
2 0 0 0.03 0.0002 3.2 0.02 0 0 
3 45.3 0.3 167.8 1.3 252.6 1.9 6.1 0.05 
4 1250.6 9.4 672.4 5.0 2150.9 16.1 1160.7 8.7 
5 6716.7 50.3 3244.9 24.3 7450.2 55.8 5508.1 41.2 
6 4879.8 36.5 8170.6 61.2 3238.5 24.2 5601.6 41.9 
7 463.0 3.5 1094.1 8.2 176.4 1.3 1032.5 7.7 
8 5.4 0.04 10.9 0.1 89.0 0.7 51.7 0.4 
9 0 0 0 0 0.0003 0.000002 0.02 0.0001 
10 0 0 0 0 0 0 0 0 
 
5.3 Sensitivity Analysis 
The sensitivity analysis generated a total of 40 runs of the model in which the 
weights of the component modules were altered. This section shows the results 
obtained for each suitability module (HS, CS, SS, PRS, LUS). Firstly, the number of 
resulting cells for each fitness index is shown for the different weight variations. 
Secondly, to visualize the resulting variations, the standard deviations of each 
suitability index and normalized standard deviations were calculated (the latter 
express the quotient between the standard deviation and the average cell count for 
each suitability index).  
Generally speaking, Sensitivity analysis demonstrated that the BZSM is robust since 
no major impacts were observed in the model´s response to weights´ variations, 
considering the five modules studied.  
 
5.3.1 Hydrologic Suitability (HS) 
The variation on the model´s response to HS different weights mainly occur when 
this parameter was increased (Figure 28). The intermediate suitability indexes (4, 5, 
6) are the most represented in all model runs in terms of quantity. The lowest and 
highest levels of suitability vary the most between the different weight scenarios in 
relation to its average cell count (Figure 29).  
 
  
 
Figure 28. Sensitivity analysis for the Hydrologic Suitability component. The horizontal axis shows the module 
weight variation (decreased and increased) while the vertical axis shows the cell count for each suitability level. 
 
Figure 29. a) Sensitivity analysis standard deviation for each suitability index. b) Sensitivity analysis normalized 
standard deviation for each suitability index 
 
5.3.2 Conservation Suitability (CS) 
The variation on the model´s response to CS different weights mainly occur when 
this parameter was increased (Figure 30). The intermediate suitability indexes (4, 5, 
6) are the most represented in all model runs in terms of quantity. The lowest level of 
suitability vary the most between the different weight scenarios in relation to its 
average cell count (Figure 31).  
 
  
 
Figure 30. Sensitivity analysis for the Conservation Suitability component. The horizontal axis shows the module 
weight variation (decreased and increased) while the vertical axis shows the cell count for each suitability level. 
 
 
Figure 31. Sensitivity analysis standard deviation for each suitability index. b) Sensitivity analysis normalized 
standard deviation for each suitability index. 
 
 
5.3.3 Soil Suitability (SS) 
The variation on the model´s response to CS different weights mainly occur when 
this parameter was increased (Figure 32). The intermediate suitability indexes (4, 5, 
6) are the most represented in all model runs in terms of quantity. Index 2 of 
  
suitability fluctuate the most between the different weight scenarios in relation to its 
average cell count followed by index 8 (Figure 33).  
 
Figure 32. Sensitivity analysis for the Soil Suitability component. The horizontal axis shows the module weight 
variation (decreased and increased) while the vertical axis shows the cell count for each suitability level. 
 
Figure 33. Sensitivity analysis standard deviation for each suitability index. b) Sensitivity analysis normalized 
standard deviation for each suitability index. 
5.3.4 Pollution Removal Suitability (PRS) 
In the case of the sensitivity analysis varying the weights of the pollutant Removal 
module, there is not a clear pattern as previously mentioned (Figure 34). The 
intermediate suitability indexes (4, 5, 6) are the most represented in all model runs in 
terms of quantity. The lowest and highest suitability indexes fluctuate the most 
between the different weight scenarios in relation to their average cell count (Figure 
35).  
  
 
Figure 34. Sensitivity analysis for the Pollutant Removal Suitability component. The horizontal axis shows the 
module weight variation (decreased and increased) while the vertical axis shows the cell count for each suitability 
level. 
 
 
Figure 35. Sensitivity analysis standard deviation for each suitability index. b) Sensitivity analysis normalized 
standard deviation for each suitability index. 
 
5.3.5 Land use Suitability (LUS) 
The variation on the model´s response to different Land Use weights mainly occur 
when this parameter was decreased in relation to the baseline (Figure 36). The 
intermediate suitability indexes (4, 5, 6) are the most represented in all model runs in 
terms of quantity. Index 2 of suitability fluctuate the most between the different 
weight scenarios in relation to its average cell count followed by index 8 (Figure 37).  
  
 
Figure 36. Sensitivity analysis for the Land Use Suitability component. The horizontal axis shows the module 
weight variation (decreased and increased) while the vertical axis shows the cell count for each suitability level. 
 
Figure 37. Sensitivity analysis standard deviation for each suitability index. b) Sensitivity analysis normalized 
standard deviation for each suitability index. 
 
 
 
The results presented demonstrate that the general aim of this research was 
achieved, this is, generating a Buffer Zones Suitability Model for the Santa Lucía 
River Basin with the available information for the system. This research was directed 
to create a methodological approach to assess the Action Plan for the Santa Lucía 
River Basin in relation to the 8th measure regarding buffer zones implementation 
  
(Box 1). The fact that the model was designed considering the regional context 
opens the possibility to apply this tool to other Uruguayan catchments, which also 
are dealing with pollution problems related to land use changes and agriculture 
intensification, reinforced by a weak and recent regulatory framework. As Collins 
(2017) points out, the lack of an accurate and general screening tool to locate 
wetland construction is one of the few main obstacles to the implementation of these 
techniques in a wide range of institutional contexts. 
The analysis of the model´s through its components (HS, CS, SS, PRS and LUS) 
shows important aspects related to the ecosystem services that this methodological 
approach considers. The three alternative scenarios generated allow to assess 
different management strategies that focus on different aspects and ecosystem 
services. The results observed for all the BZSM scenarios (0, 1, 2 and 3) were 
shown in terms of hydrological (sub-catchments) and administrative (departments) 
boundaries what brings other insights when generating and improving management 
plans. 
The HS module expressed one of the main perspectives of this approach, which is 
prioritizing buffer zones towards the headwaters areas. Under this perspective and 
taking into account that the SLRB´s fluvial network is very dense a myriad of 
possible sites where buffer zones can be located arise. Other important aspect of 
this component was the calculation of the TWI based on DEM. The results obtained 
are consistent with the literature consulted and with the topology of the catchment 
(Ballerine 2017).  
The CS results show interesting insights about the biodiversity and conservation 
situation of the study area. There is a high proportion of areas (10% of the basin) 
classified under some category of threat according to the criteria proposed by 
Brazeiro, Soutullo & Bartesaghi (2012). The implementation of buffer zones could 
imply very positive advances to diminish this value. Although the largest number of 
polygons classified as very suitable were distributed in the southern and eastern 
region of the basin, other highly suitable areas were also found in the north-western 
side of the SLRB (Flores and San José), associated to low-order rivers. The 
vegetation classified as aquatic, which also includes native forests associated to 
riverbanks, represent a quite extensive proportion of the area (4%) what presents an 
  
opportunity in terms of ecosystem restoration. Buffer zones can involve herbaceous 
landscapes and also forests composed by wooden species that are effective filters 
for runoff flows and groundwater flows (Vought et al. 1995). 
As expected, the SS module categorized the floodplains as highly suitable areas 
since they gather the higher rates in terms of drainage and flood frequency. Most of 
these locations are observed nearby the main water courses, but also there is a 
smaller proportion of high suitable sites in low-order river basins.  
The PRS results illustrate the environmental situation of the basin and the impacts of 
point and diffuse pollution of the water bodies. The pattern observed indicates that 
the nutrients´ pollution levels increase towards the Santa Lucia’s River mouth area. 
This phenomenon is based on the fact that the higher the river order hierarchy 
(Strahler numbers 6, 7 and 8 in this case), the larger the drainage area that 
contributes to the water body that transports nutrients, sediments and organic matter 
(from agriculture, industries, urban areas). Furthermore, the southern region of the 
SLRB concentrates many of the urban and industrial areas (Montevideo and 
Canelones). Finally, the LUS analysis shows the widespread territory occupied by 
herbaceous vegetation on riparian areas. This suggests that there are many 
locations that could be transformed into riparian buffer zones without the need of 
major investments. 
As previously mentioned, the scenarios described in section 4.4 indicate different 
alternatives that could be considered when using this methodological approach as a 
decision–making tool (Table 4). The largest areas classified with high suitability 
levels were found in scenarios 1 and 3 (8.27% and 8%, respectively). Both 
alternatives increase the weights of factors that are built on variables that involve 
large and generalized areas of the basin. Pollutant Removal suitability was built on 
diverse information, from inland data (N and P exportation coefficients are 
determined by the different land uses) and in situ nutrient concentration´s variables 
that were spatially determined at a subcatchment scale. For these reasons, the 
scenarios that highlight these components exhibit more suitable areas. These 
scenarios propose an unrestrictive perspective that provides more possible locations 
for the implementation of buffer zones. On the other hand, scenarios 0 and 2 present 
the opposite phenomenon where the higher suitability levels occupied 3.5% and 2% 
  
of the SLRB, respectively. Scenario 0 states that the highest weights are given for 
the modules HS, Cs and PRS in equal magnitude, so that the restrictions are 
balanced. However, scenario 2 presents the most restrictive alternative, since the 
component with the greatest weight is CS, which involves multiple variables. All 
things considered, scenario 0 could be considered as the most balanced approach 
resulting in almost 500 km2 that are highly suitable for buffer zones implementation. 
In terms of the distribution patterns of the highly suitable areas to establish buffer 
zones two perspectives are assessed: considering the subcatchment scale or the 
administrative boundaries in terms of departments’ jurisdiction (Section 5.2). The 
former implies a more analytical perspective focused on the landscape traits since 
this classification relies on the water bodies drainage areas. The latter involves an 
artificial classification that can be useful for political and institutional interests. Taking 
into consideration these aspects, Scenario 1 presents the most equitable distribution 
in terms of highly suitable areas. These sites are mainly distributed in six out of eight 
sub-catchments and in three out of six departments (Florida, Canelones and San 
José). Scenario 0 shows a contrasting result: the highly suitable areas are mainly 
concentrated in two sub-catchments and in Canelones and San José departments. 
It is important to point out that, although the analysis of the suitable areas distribution 
by departments provides useful administrative information, the success of the 
mitigation strategies relies on a holistic view of the study system, understanding the 
catchment scale as the axis of environmental policies (involving other aspects as 
well, e.g. economic, social, political). A good example of translating this point of view 
into an institutional structure are the Catchment Management Authorities (CMA) 
created in Victoria (Australia). These entities, that represent a type of local 
governance, promote the catchment management “balancing the use and 
conservation of natural resources on a whole catchment basis” (Victoria 2016). In the 
SLRB some efforts have been made in order to generate new institutions for the 
management and monitoring of the system (“Comisiones de Cuenca”). However, the 
impact and presence of this commissions are still very incipient.  
The current strategies in relation to buffer zones in the SLRB are condensed in 
measure N° 8 “Action plan for water quality management in the Santa Lucía 
catchment”. This measure contemplates the conservation of the river banks on a 
series of water bodies in Zone “A” of the basin (Figure 3). Although this measure 
represents a milestone in the implementation of a buffers area strategy in the SLRB, 
the BZSM results indicate that there are many other locations where buffers areas 
  
could be installed. As aforementioned, this methodological approach proposes to 
give great importance to the headwaters of the rivers, not only considering the main 
water courses, but also the small watercourses that were classified hierarchically by 
the Strahler method. Many authors have pointed out the importance of conserving 
low order sub-catchments (even those that can be categorized as micro-
catchments). Previous studies highlight that small waterbodies with their small 
basins are extremely valuable for the regional aquatic biodiversity (“pockets of high 
aquatic biodiversity) and imply fewer conservation management efforts in agricultural 
landscapes (Davies et al. 2007; Osborne & Kovacic 1993). 
All things considered, the analytical perspective of the BZSM presents alternatives 
that imply opportunities to increase the heterogeneity of the SLRB landscape, 
increasing the ecosystem´s health in many dimensions (biodiversity, water quality, 
etc.). However, buffer zones implementation must be considered as one of many 
aspects that should be considered to improve the ecosystem´s water quality (Barling 
& Moore 1994). 
 
 
A multi-criteria suitability model was generated with the aim of determining the most 
suitable locations to implement buffer zones in the Santa Lucía River Basin. The 
model obtained constitutes a methodological framework that can be applied for 
mitigation strategies and environmental planning in general. The main outcome of 
this research is a GIS-based tool that synthesizes diverse information regarding 
different aspects of the catchment with the available information for our context. 
Also, the model can be applied to other systems, with other spatial scales.   
The results obtained for the scenarios simulated showed which components imply 
higher or lower constraints when classifying the territory into different suitability 
levels.  
Also, the resulting maps show highly suitable areas that prioritize locations that are 
not considered in the SLRB action plan (measure N° 8) what represents new insights 
that could improve the policies and environmental planning to increase the overall 
  
system’s health. In this sense, the model´s outcomes point out the importance of the 
small water bodies and their riparian belts. 
7.1 Limitations of the study 
The weaknesses of this approach are basically related to the quality of the data 
inputs. One of the central features of this approach is the Pollutant Removal 
Suitability module. Although the variables selected for this component tend to 
illustrate the basin nutrients´ pollution patterns, the data inputs are quite general. To 
adapt the in situ aquatic variables to a common spatial scale, averages 
per subcatchment were calculated. This manipulation of the data probably introduces 
errors and uncertainties. Also, the DINAMA monitoring stations are located on the 
main water bodies and are not homogenously distributed. 
7.2 Future research questions 
For future development of this screening tool, it would be interesting to analyze 
different scenarios that involve flood events that are prone to become more intensive 
and frequent due to climate change. As previously mentioned, buffer zones have the 
capacity to act as flood controls, which constitutes a key function for the regional 
context. 
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